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This dissertation analyzes the internal mechanics of parallel wire strands as found in the main cables 
of suspension bridges. Parallel wire strands of reduced order (7-wire, 19-wire, and 61-wire strands 
made of steel and aluminum) are fabricated and subjected to various boundary conditions and 
external loads (tension, clamping, twist, etc.). Neutron diffraction is used as an elastic strain 
measurement tool for its ability to penetrate bulk materials and/or layers of a multi-body system 
without disturbing the sample. Firstly, this thesis aims to quantify the development length – the distance 
over which a broken wire within a strand regains near-full service strain – as a function of various 
boundary conditions and failure scenarios. The feasibility of using neutron diffractometers to 
measure in situ elastic strains on civil-engineering-scale samples under both tensile load and radial 
confinement is validated using strands fabricated from steel bridge wire. Results from various 7-wire 
strands indicate that friction and mechanical interference on the microscopic level play a significant 
role in the load partitioning. Furthermore, wires that have been broken – either pre-cracked or 
fractured live and in situ during tensile loading – are capable of regaining significant stresses from 
their neighbors over a distance of tens of centimeters. The contribution of both friction force and 
mechanical interference on elastic strain redevelopment in broken wires should be included in 
analytical models designed to simulate failure processes. The second part of this thesis aims to 
measure the internal mechanics of larger parallel wire strands in response to various confinement 
(clamping) forces. 19 and 61 aluminum wire strands are fabricated and the internal strains of all 
constituent wires mapped in three orthogonal directions under various clamping loads. The strain 
 
 
distributions for both 19-wire and 61-wire strands show a surprising degree of heterogeneity. An 
increase in clamping force homogenizes the distribution to a degree, but only at unfeasibly high 
clamping forces. The results suggest that microscale variations in wire diameter dominate the 
internal mechanics of parallel wire strands. The stochastic distribution of wire sizes due to 
manufacturing tolerances throughout a strand cross-section creates a randomly ordered network of 
over- and under-sized wires. This imperfectly packed lattice results in large wire-to-wire variations in 
clamping constraint. The up-scaling in strand size from 19 to 61 wires increases the resolution of the 
experiment but does not reduce the heterogeneity of the strain distribution. Ergo, the assumption of 
perfect hexagonal packing in parallel wire strands is weak, and mean field distributions do not 
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CHAPTER 1. INTRODUCTION 
Conventions 
For the sake of clarity, this thesis will refer to only physical and real scientific procedures undertaken to 
make a discovery, test a hypothesis, or demonstrate a known fact as experiments. Closed-form proofs, 
equations, and solutions of problems invoking mathematics and physics shall be called analytical 
solutions. All other physically intangible brute force undertakings of the mind and the computer (e.g. 
Monte Carlo Simulation, Finite Element Analysis, etc.) will be referred to as simulations.  
All quantities shall be reported primarily in metric units and, wherever feasible, parenthetically in US 
customary units. The exception to this rule shall be nominal measurements, where industry standard 
dictates US customary units as primary unit of measurement. 
Motivation 
The Suspension Bridge Structural Form 
A suspension bridge consists of a set of towers, a road deck, a set of main cables connected to the 
deck by suspenders, and an anchorage located at each end of the bridge (Figure 1a). For over a 
century, this structural form has been popular for its efficiency, especially for large span bridges. All 
of the loads on a suspension bridge deck – self weight, traffic, wind, and snow loads – are 
transferred from the deck to the main cables via the vertical suspenders, and then to the towers and 
anchorages. The structural determinacy of the suspension bridge structural form allows them to be 
designed using simple vector algebra; this was especially important in the absence of computer-aided 
structural modeling in the earlier half of the 20th century [1]. The major drawback of this design is 
that the failure of a main cable invariably leads to the catastrophic collapse of the bridge deck. It is 
therefore of pivotal importance to safeguard the health of the main cables, yet the mechanics of 





Figure 1: (a) Schematic elevation view of a suspension bridge with major structural elements highlighted. The loads of the 
bridge – the deck’s self-weight, loads from traffic, snow, and wind – are transferred from the deck through the vertical 
suspenders, and into the main cable. The main cables carry these loads in tension and transfer them to ground via large 
anchorages located at each end of the bridge. (b) Detail view showing the main cable with multiple sets of vertical 
suspenders each connecting to the cable via a cable band. The section of cable between two cable bands, generally 4 to 12 
meters in length, is called a panel. (c) Cross section of one of a suspension bridge main cable. The inner strands are closely-
packed hexagonal structures containing each 127 individual 5 mm wires. The shapes of the outer bundles are adjusted to 
provide a circular perimeter. The outline of a cable band is also shown surrounding the cable. (d) Detail view of a single 
127-wire strand in tight hexagonal packing. Schematics courtesy of Janelle Mills, Mary Mazur, Laura Ripley. 
The Main Cables 
Suspension bridge main cables are constructed of thousands of Class A weight zinc galvanized high 
strength 6 gauge steel wires with a minimum specified yield strength of 1.4 GPa (203 ksi), and an 
ultimate strength of 1.7 GPa (247 ksi) [2]. These wires are generally zinc galvanized and have a 
diameter of 4.98 mm (0.196 in), including the zinc coating; basic mechanical properties are listed in 
(Table 1), for reference. 
(a) 
(d) (b) (c) 
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Table 1: Selected bulk mechanical properties of the ASTM A586 hot-rolled wire used in constructing the 7-wire strands. 
The values shown are specified minima/maxima as required by the ASTM standard. 
Property: Stress at 0.7% 
Extension 











Steel Core [2] ≥1100 MPa ≥1520 MPa ≥4.00% -- 200 GPa 
Zinc Coating [3] -- 28 MPa Varies ≥305 g/m2 70 GPa 
 
A notable exception to the abovementioned specification is the Williamsburg Bridge in New York 
City, where bright steel wires with a diameter of 4.887 mm (0.192 in) were used [4]. Also, the true 
prototype of the long-span suspension bridge, the Brooklyn Bridge in New York City, was 
constructed using 4.67 mm (0.184 in) galvanized wire. 
There are two procedures by which a suspension bridge cable may be built: the traditional spinning 
wheel method and the prefabricated parallel wire strand (PPWS) jacking method. In the traditional 
spinning wheel method, spools of bridge wire are brought to one of the two anchorages of a future 
suspension bridge (for simplicity, called the near anchorage). The end of the wire is fixed to the 
anchorage and wire is in turn looped over the spinning wheel. The spinning wheel is then pulled via 
a pilot rope over the towers and to the far anchorage, spinning the wire across the span. Once the 
spinning wheel arrives at the far anchorage, the wire is returned over a strand shoe that is fastened to 
that anchorage (Figure 1a). The wheel then returns to the near shore and the wire is again looped 
around the strand shoe. Once a strand shoe is filled (generally by 127 wires), the bundle is tied 
together with steel straps of fiber-reinforced tape, forming a quasi-circular strand. This spinning 
procedure is repeated for each wire in each cable. This method has been used for decades, owing to 
its simplicity and the fact that it requires no heavy equipment during construction.  
The advent of modern wire anchoring technologies and high-capacity hydraulic systems has caused a 
shift away from the simple yet time-intensive spinning method. In prefabricated parallel wire 
strands, the wires are shop-fabricated in tightly packed hexagonally-shaped strands of 61, 91, or 127 
individual wires (Figure 1d), depending on the size of the bridge cable. During construction each 
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strand in turn is delivered to the bridge on a large spool (generally by barge). The entire strand is 
then jacked across the towers using hydraulic jacks and fastened to both anchorages. The hexagonal 
strands are arranged regularly to form a quasi-circular cross section. In most cables, partial strands 
are added to the periphery of the cable, and the system is compacted mechanically by means of 
hydraulic jacks to form a near-circular cross section (Figure 1c). Although this method requires 
specialized hydraulic equipment, construction time is reduced drastically by this approach. 
Irrespective of construction method, the compacted cable is then covered with zinc paste – in the 
past, red lead paste was used instead – and wrapped with a thinner (generally an 8 or 9 gauge) 
wrapping wire and painted and/or encased in a neoprene sheath to protect the cable against the 
elements. Mechanical compaction by means of purpose-built hydraulic compaction collars reduces 
the void ratio of a standard cable to approximately 20%, the lower limit of which is given by 
hexagonal packing regime of cylinders in geometry. Regularly spaced cable bands are clamped to the 
main cable and serve as the saddles for the vertical suspenders (Figure 1b). These clamps also 
impose significant compressive radial loading on the main cable surface and facilitate load sharing of 
the strands underneath the band through enhanced surface friction. 
The hexagonal packing regime or honeycomb, as proven by Lagrange for regular packing 1773 [5], 
Axel Thue more generally for all packing in 1890 [6], and Fejes Tóth more rigorously in 1943 [7], is 
the densest possible packing regime for regular circles. However, even this most optimal tessellation 
has a packing density of ߟ௞ ൌ గ√ଷ଺ ൎ 0.9069, or conversely, exhibits a void ratio of 9%. The unit 
cell of the hexagonal packing regime consists of seven wires (circles). Six wires are arranged at the 
vertices of a regular hexagon that has a maximal diameter equal to twice the diameter of the packed 
circles; the seventh wire is at the center of the hexagon. 
Imperfections in arrangement of the wires, compaction, and interference by other artifacts inside the 
cable reduce the actual packing efficiency to the previously mentioned 20% void ratio. In some 
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cases, errors and omissions in constructing the main cables result in artifacts inside a cable cross 
section. For example, during the construction of the Bear Mountain Bridge in the Hudson Valley of 
New York State, the contractors neglected to remove the stainless steel straps holding together each 
cable strand (Figure 1d), preventing the neighboring strands to fully nest together in a hexagonal 
matrix [8]. Unfortunately, this was just the first complication, which arose from this omission, as will 
be discussed later in this chapter. 
Corrosion Hazard 
A primary hazard for a suspension bridge is the corrosion of the main cables due to the failure of 
various corrosion-inhibiting systems and technologies. The resulting corrosive environment 
promotes degradation of the wires, reduction of steel cross section, and may ultimately lead to 
fracture of individual wires comprising the bridge cable [9]. A 0.37% per annum strength loss has 
been calculated from the main cable inspection data of the Williamsburg Bridge in New York City 
by Betti and Yanev [4]. This rate is significant, especially considering that many of these bridges are 
approaching or have already surpassed 100 years of service life. Various factors can adversely affect 
a suspension bridge cable’s condition: (1) residual stresses due to cold-working; (2) hydrogen 
embrittlement; (3) galvanic potential difference between zinc, steel, and other additives; and (4) 
penetration of moisture into the bridge wire bundles, potentially introducing chlorides and/or 
sulfates from salt spray and acid rain, respectively [9]. All of these hazards promote some form of 
wire degradation that results in a reduction of steel cross section, ultimate strength, ductility and, 
eventually, fracture of individual wires. 
Loss of cable strength generally occurs via two processes; either loss of metallic cross section (i.e., 
nominal area of steel carrying tensile load) or brittle cracking and fracture of individual wires.  
Wires in bridge cables generally fracture as a result of two distinct failure mechanisms. The first is 
uniform corrosion and pitting, studied by Eiselstein and Caligiuri on the Williamsburg bridge cables 
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[10]. They have found that wires undergo pitting corrosion when the cable is in a positive hydrogen 
scale corrosion potential at a pH ranging from 3 to 7. This pitting initially results in spatially 
concentrated reductions of load-carrying cross section along the wire, namely pits (essentially 
potholes in the wire), leading to local overload, yielding, and ductile failure of the wire at the location 
of the pitting corrosion. The second cause for fracture of bridge wires is the hydrogen stress 
cracking induced by hydrogen embrittlement, as outlined by Mayrbaurl and Camo both analytically 
using classical fracture mechanics and experimentally [9]. Furthermore, they quantify both crack 
growth rates and expected strength of a cracked wire with respect to crack depth.  
In traditional production practices, bridge wires are drawn through dies at ambient temperature, 
lengthening the grains, increasing the ultimate strength and ductility of the steel. During this process, 
the wires are given a curvature induced by the capstan that draws the wire through the dyes.  
This residual but permanent radius of curvature ranges from 1.5 m to 1.8 m in traditionally 
manufactured wires; although, with improved manufacturing techniques, it has been significantly 
increased to 7.5 m or more. When the wires are subsequently straightened in service, they develop 
stresses on the inner and outer arc on the order of 200 and 524 MPa (29-76 ksi) in tension and 
compression, respectively [9]. The large range in this number is due to the large variation of cast 
diameters found in bridge wire manufactured around the world. Adding service stress to the wire – 
commonly ranging from 345 to 620 MPa (50 to 90 ksi) – the wire’s stress state on the concave side 
can approach the yield strength of ASTM A586 steel [9]. It has been found by Hopwood and 
Havens that stress cracking occurs once wires have lost their protective zinc coating due to zinc 
oxidation and subsequently undergone significant ferrous corrosion [11]. In such wires, pitting 
corrosion creates galvanic action, which in turn generates free hydrogen, leading to embrittlement of 
the steel wire. Furthermore, such pits create a stress concentration within the remaining ferrous 
cross section, enabling the formation of cracks across the entire cross section of the wire. Such 
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cracks have been detected in cables that have undergone significant corrosion. Especially in cold-
worked steels (such as the ASTM A586 steel here), environmental hydrogen is thought to collect at 
dislocations, grain boundaries, cracks, and material imperfections within the wire [12]. This absorbed 
hydrogen leads to a reduction of ductility in the steel at these grain boundaries, allowing microcracks 
to grow in sub-yield conditions; this phenomenon is called hydrogen-stress cracking (HSC). Barton 
et al. conducted extensive cyclical corrosion experiments on the subject at the Carleton Laboratory 
at Columbia University [13]. Betti et al. further enriched the experimental series with in-depth SEM 
micrographs of the corroded wires and a set of finite element models to simulate uniform corrosion, 
pit formation, and crack tip displacement [14]. 
In light of these hazards, various protection systems have emerged, aiming to reduce the corrosion 
rate in suspension bridge cables; some proved successful. An initial approach involved oiling cables 
with linseed oil during spinning, and was applied in the construction of the Brooklyn and Manhattan 
Bridges from the 1880s until the 1960s. With this method the entire cross section of the cable would 
also be covered with red lead (triplumbic tetroxide) paste, an emulsion of lead oxide mixed with 
linseed oil [4]. The cross section was then wrapped circumferentially with an 8 gauge mild steel 
wrapping wire and painted. The red lead paste has proved to be largely ineffective, as it dries, cracks, 
and becomes friable over time [4]. The wrapping wires have also exhibited significant corrosion, 
bulging, and they even fractured on various bridges. Current approaches involve neoprene wrapping 
of cables, as well as forced-air dehumidification of cables with mechanically desiccated air [15]. The 
Akashi-Kaikyō Bridge in Japan employs both of these systems, along with the use of an interlocking 
S-shaped wrapping wire. These systems appear to be performing well, although they have not been 
in service for a sufficiently long period (the Akashi bridge was opened in 1998) to validate their 
effectiveness over long term [16]. 
8 
 
The most significant hazards to a suspension bridge’s main cables have been introduced briefly. This 
discussion is by no means exhaustive, as it covers only the most pervasive chronic hazards, omitting 
purposely acute hazards such as fire, explosion, earthquake, and high wind events. Acute events, 
although very important in the design and maintenance of suspension bridges, are beyond the scope 
of this work.  
Williamsburg Bridge Case Study 
The introduction to the prime motivation behind this thesis is prefaced by a case study of a New 
York City suspension bridge. The history of the Williamsburg Bridge – its design, construction, 
maintenance, crisis, and subsequent rehabilitation – provides a powerful insight into both the 
technical and societal facets that drive the bridge engineering community. As will be shown here, the 
Williamsburg Bridge ultimately rang in a new era in the civil engineering, and to a lesser extent 
politics with regard to urban infrastructure of critical societal importance. 
The New East River Bridge was designed by engineer Lefferts L. Buck in the late 19th century and 
ultimately completed in 1903, spanning the East River from Manhattan to the neighborhood of 
Williamsburg in the recently consolidated (i.e. incorporated) borough of Brooklyn [10]. At the time 
of its construction, the Williamsburg Bridge carried the record for the longest free span in the world 
[17]. Unlike preceding suspension bridges, Buck opted to design the four cables of the Williamsburg 
Bridge (as it would ultimately be called) with 7696 No. 6 gauge bright steel wires with no zinc 
galvanization. This was done in the name of efficiency since zinc galvanizing not only adds non-
load-carrying weight to the cable, but it also decreases wire strength by 3% since the hot-dip zinc 
coating heats the wire up to 482°C (900°F), inadvertently annealing it [10]. Buck and others were 
encouraged by the recent investigation of the Brooklyn Bridge’s 24-year-old cables, which were 
found to be almost entirely free of corrosion [18]. The engineers’ focus was placed instead on 
creating a cable protection system that would be completely waterproof. Buck proposed a sheet-iron 
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covering of the entire cable, coupled with treatment with Cable Shield, a proprietary anti-corrosion 
paste consisting primarily of pine tar. However, it became quickly apparent that the Cable Shield 
compound was too viscous to penetrate the cross section, saturating only the outermost two wire 
layers of the cable. The plan was therefore modified to using one coat of linseed oil and one coat of 
slushing oil, a petroleum-based grease, plus 25% artificial graphite as lubricant. This mixture was 
very volatile, drying and cracking already during cable construction and requiring constant 
retouching and patching [10]. The premature failure of the waterproofing prompted the designers to 
augment their system further: a layer of cotton duck dipped in tar was added between the periphery 
of the cables and the sheet-iron casing in an effort to make the cable vapor-proof. 
After only seven years, though, the first inspection of the cable found broken wires on the outer 
layers of the cable. Hence, the bridge owner, the City of New York, declared the original cable 
protection system a failure and ordered that the cable be doped with traditional linseed oil and 
entirely rewrapped with 8 gauge galvanized wrapping wire in 1915-1922 [4]. However, a 1934 
inspection yielded 340 broken wires in the Brooklyn anchorage, and the bridge cable exhibited 
significant corrosion on the outer strands. To retard the corrosion rate, linseed oil was poured into 
the cable from the towers in 1944 and again a mixture of fish oil and mineral spirits in 1963 [4]. To 
make matters worse, the live and dead loads on the main cables had increased as well, due in part to 
heavier trucks, heavier subway cars, and the introduction of a heavier road deck to accommodate 
said traffic. Between the bridge’s construction in 1903 and 1988, the load on the suspension cables 
had increased by 15% from 48 MN (5,395 t) to 55 MN (6,182 t) [10]. 
The alarming corrosion rate of the outer wires cannot, however, be completely attributed to the 
poor protection design, but also to the aggressive environmental conditions of the New York harbor 
area. The East River, a misnomer since it is actually a tidal estuary, is brackish, and salt water spray 
carried by wind can easily reach the bridge. Additionally, deicing salts are commonly used to keep 
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streets (and bridges) cleared of snow and ice in the winter, exposing the cable to sodium chloride 
(NaCl) and calcium chloride (CaCl). Furthermore, atmospheric pollutants in the New York City area 
were very high until the 1990’s, most notably sulfur dioxide (SO2), nitrous oxide (NOx), ammonia 
(NH3), and particulate matter, all of which significantly accelerate corrosion of carbon steels [19]. 
Once these chemicals penetrate a cable’s protective system, they hydrolyze and oxidize into sulfuric 
acid (H2SO4) and nitric acid (HNO3) [20]. A bridge cable with a poor water protection system does 
not breathe, but rather acts as an accumulator. Once moisture and corrosive halides penetrate the 
cable’s outer layer (e.g. painted wrapping wire, sheet-iron cladding, neoprene membrane, etc.), the 
water will slowly travel to the underside of the cable and will generally run downhill to either the 
midspan or the anchorages, the latter of which was observed at the Williamsburg Bridge [10]. 
Unfortunately, in New York, the mean monthly relative humidity is always greater than 70% all year, 
where 135 days a year see precipitation above 0.254 mm (0.01 in) [21]. Consequently, it can be easily 
argued that the bridge and therefore its cables are damp at least 135 days a year [10]. 
Between 1980 and 1985, the Williamsburg bridge was subjected to the first significant cable 
investigation, with eighteen 91 m (300 ft) long bridge wire samples taken from the first three wire 
layers of the main cables. It is important to note that this sample population was taken only from the 
periphery of the cable and represents 0.006% of the total wire population [10]. At the request of the 
consulting engineer, Ammann & Whitney, the Stanford Research Institute (S.R.I.) was tasked with 
creating a computer simulation of the residual strength of the cables and, assuming the cables 
govern the mode of failure, the global safety factor (SF) of the bridge [22]. The highly controversial 
S.R.I. report was issued in 1985, recommending the replacement of the cables by 1995 in light of 
their rapid deterioration [23]. The joint report of Ammann & Whitney and the S.R.I. calculated a 
remaining cable safety factor of 2.5, down from the original design specification and as-built SF of 
4.1 and 4.5, respectively [8]. The report also found that the pH within parts of the cable were as low 
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as 4, quite alarming but not surprising, considering that New York City rain at that time would often 
reach a pH as low as 4.3. Additionally, laboratory testing of wire samples from the outer cable layers 
resulted in a corrosion rate for various parts of the cable, ranging from 15.2 to 63.5 μm/year (0.60 to 
2.5 mil/year). An average wire surface corrosion rate of 25 μm/year (1 mil/year) of metal 
penetration was then used to extrapolate the remaining life of the bridge cable (the details of the 
governing assumptions made by this model will be explained in more detail in the following 
sections) [10]. Using the corrosion rate, the S.R.I. report calculated that the cable SF would drop to 
1.7 by 2005, at which point the cyclical loading on the bridge due to wind and traffic would become 
critical, causing the bridge cables to inevitably fail in high cycle fatigue [10]. 
The results of the S.R.I. report, already quite unprecedented and alarming, were compounded by a 
recent collapse of a 2 m (6 ft) beam from the outer roadways into the East River [23]. These 
emergent events prompted bridge’s chief engineer Samuel I. Schwartz to quantify the probability of 
failure of the bridge’s approach structure at 5%, orders of magnitude above the acceptable hazard for 
major civil infrastructure. Consequently, the bridge was closed on 12 April 1988 to all road and rail 
traffic, with the exception of bicycles and pedestrians [23]. Although this closure was shocking in its 
scale and impact on communities, it is a mere puzzle piece of a far more endemic problem. Prior to 
the condemnation of the Williamsburg Bridge, chronic neglect of the city’s major infrastructure had 
in fact caused the closure of 31 smaller bridges throughout New York City due to poor structural 
condition. 
The closing of the Williamsburg Bridge resulted in considerable public outcry since it carried a 
quarter million daily commuters over its span by car and the J and M subway lines [23]. Attention of 
the press and politics shifted quickly to find answers to this social catastrophe. Many reasons were 
found, among them the technical issues detailed previously. Also to blame was the New York City 
Department of Bridges, which was not only coping with dismal budgets from the Koch mayoral 
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office, but also lacked a systematized maintenance plan for its infrastructure. A New York Times 
exposé uncovered that although a bridge’s superstructure should be painted every eight years (areas 
such as bearings and joints subject more readily to corrosion every 4 years), the painting schedule of 
the city was so disorganized that some bridge components were painted repeatedly (yearly in some 
cases) while others did not see paint for up to 15 years [24]. Additionally, the Department of Bridges 
had not performed its due diligence gaining an exhaustive understanding of all parts of the bridge, 
especially the approaches, although inspections were performed per federal mandate on a biannual 
schedule. 
Ten months after the closure, the Department of Bridges, along with the Williamsburg Bridge 
Technical Advisory Committee – formed months before the condemnation – concluded that the 
S.R.I. report was unnecessarily pessimistic. The New York City Transportation Commissioner Ross 
Sandler argued that the S.R.I. report was based on a biased sample population, as wires were taken 
only from the heavily corroded outermost layers of the cables; extrapolating bulk cable strength 
from this sample would be overly conservative [24]. Although $250 million of federal funding had 
already been approved for the replacement of the main cables at that time, the federal government  
halted the project, citing that a new bridge should be considered instead. The federal government’s 
preference for new construction reflects an attitude pervasive at all levels of United States 
government at that time (and even today) when considering public infrastructure: build, neglect, 
demolish, repeat. Since the consequences of infrastructure neglect usually become apparent only 
after several years, the hazard thereof is effectively externalized from the political spectrum. Building 
and replacing infrastructure, on the other hand creates strong public support and therefore 
incentivizes politicians of all levels of government to lobby for construction rather than 
maintenance. Additionally, infrastructure capital construction has historically been heavily subsidized 
if not entirely funded by federal sources while maintenance is generally the responsibility of the local 
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authorities [17]. Dubin et al. have reported a 1.8% ratio of annual maintenance to construction cost 
for major structures worldwide. This ratio is mirrored in the US only by toll-collecting bridges such 
as the George Washington Bridge, which are treated as a profitable capital plant rather than an 
unfortunate fiscal liability. The East River bridges, devoid of tolls since 1911, however, saw only 
about 0.2% operating-to-capital ratio in 1999, an order of magnitude less funding [17].  
A feasibility study of the federal request for a new bridge quickly showed, however, that a straight 
replacement of the existing span by demolition and subsequent replacement would create extreme 
hardship on not only the immediate environs of the bridge but rather the entire New York 
metropolitan region [17]. In the late 1980’s only four bridges connected Long Island with 
Manhattan, with the Manhattan and Queensboro bridges also undergoing extensive reconstruction 
and lane closures. A decade-long closure of the Williamsburg would have mired the East Side of 
Manhattan in traffic chaos, cut off the neighborhood of Williamsburg from access to Manhattan, 
and stifled commerce on Long Island [17]. The second option of building a bridge parallel to the 
existing structure would have required the condemnation of about ten densely populated city blocks 
in lower Manhattan and Brooklyn to create space for the construction of the new bridge’s 
approaches. This option was therefore quickly dismissed as both financially unfeasible since the cost 
of condemnation would have been astronomical. More centrally, the project was politically 
untenable in a city scarred by four decades of autocratic civil infrastructure project management of 
the Robert Moses era [25]. 
A second investigation was launched, and the consulting engineering firm Steinman, Boynton, 
Gronquist, and Birdsall, along with the Carleton Laboratory submitted the Williamsburg Bridge 
Cable Investigation Program Final Report in 1988 [26]. The Steinman investigation differed 
significantly from the Ammann & Whitney and S.R.I. work. Firstly, from April to June in 1988, 32 
wires were taken from all depths of the cable to create a representative sample population and 
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subsequently tested in the Carleton Laboratory. Although the outer few wire layers exhibited 
extensive corrosion, the investigation into the deeper layers of the cable showed that the core of the 
cable was in fact in very good condition [26]. Additionally, where wire breaks were found, the wires 
exhibited plastic deformation before failure. This is a critical point, since the S.R.I. safety factor 
analysis employed the assumption of brittle wire behavior rather than ductile wire behavior. The 
ductile wire model assumes that if a single wire (even if corroded) enters the plastic regime, it 
behaves as designed and deforms plastically to or near the originally specified ultimate elongation. In 
short, the wire reaches the specified ultimate load before fracturing. The more conservative brittle 
wire model assumes that a corroded wire will fail at or near the yield point since the wire is degraded 
by pitting, micro-cracking, and/or hydrogen embrittlement. The discovery of a largely ductile failure 
mode in the bridge discounted the S.R.I. assumption as overly conservative [26]. 
Lastly, the S.R.I. report neglected to properly evaluate a key parameter in the safety factor estimation 
of suspension bridges, development length, ܮ஽. Development length is the length required for a 
broken wire to transfer its load to adjacent wires through friction, mechanical interference, etc.1 The 
Steinman report instead refers to the clamping length, which is considered the total distance on both 
sides of a broken wire after which the wire regains full service stress. The two limit cases provide a 
good intuitive understanding of this quantity. In a high-friction system, such as for example a sisal 
rope, the development length between the individual fibers is very short. Although a rope can be 
manufactured of practically any length, the constituent fibers do not span the length of the rope 
since they are practically limited to the length of the leaf of a plant. Instead, the fibers transfer load 
among their partners throughout the cross section by friction and mechanical interference (notably, 
                                                 
1 In the case of closely packed parallel wires, friction is the force resisting a relative motion and therefore transferring 
load from one wire to another. Friction surfaces, although rough on the microscopic level, can be considered generally 
parallel. Mechanical interference is considered when a geometric interference such as a kink or twist in a wire creates 
positive locking between two members. Mechanical interference may also be caused by artifacts such as abandoned 
straps or tools in the cable cross section. 
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without the use of a binder). In contrast, the development length of a frictionless system would be 
infinite. If applied to a parallel wire bridge cable, if a wire within a strand breaks, this wire would 
shed its load along the entire length of the structure; the broken wire would be considered a dead wire 
along the entire length of the cable. Ergo, if an infinite development length is assumed, a bridge 
cable’s cross section would allow only one break in each wire along the 1 km (5 furlongs) of the 
cable for that wire to be removed entirely from the load-carrying cross section of the cable. The 
extremely conservative ܮ஽ ൌ ∞ assumption was used in the S.R.I. simulations, without any 
experimental or theoretical validation [26]. 
The Steinman report set out to answer this question by measuring retractions of in situ fractures that 
were found to be between 6 to 19 mm (¼ to ⅝ in), leading to the conclusion that a single cable 
band’s clamping force provides sufficient friction and interference to transfer approximately 80% of 
the original tension to the broken wire [26]. Additional wires were purposely cut by the engineers 
and retractions measured as well. From these results, the Steinman group concluded that two cable 
bands on each side of the break would provide sufficient clamping, resulting in a four-band (or 
three-panel) estimation of clamping length, 20 m (60 ft) in the case of the Williamsburg Bridge [26], 
as shown in Figure 2. It is important to note that these tests were performed on cable sections 
prepared for inspection, so the wrapping wire was removed and the cable subsequently wedged. 
Therefore, the confinement contribution of the wrapping wire could not be quantified. The 
Steinman engineers suggested that the wrapping wire would likely reduce the clamping length to just 
one band (or one panel), only 7 m (20 ft) for the Williamsburg Bridge, however without 
experimental data to prove their hypothesis. Since this estimation could not be conclusively 




Figure 2: Schematic view of clamping three bridge cable panels. Per the Steinman calculations, a wire break within the 
central panel requires two cable bands on each side of the break for the wire to fully regain load, i.e. the clamping length. 
The development length, ܮ஽, as defined by Gjelsvik, is the distance from one side of the break to the point where the 
wire redevelops full load, i.e. the stress transfer factor, ߟ ൎ 96%. For this configuration, ܮ஽, to the left and right of the 
wire will not be equal since distances to the cable bands will vary. 
The Steinman report estimated the Williamsburg Bridge cables’ SF at 3.5, with the heavily corroded 
strands in the anchorage being the controlling section of the cable; after successful rehabilitation of 
the anchorage strands, this SF would be increased to 4.0. Ultimately, the report concluded that the 
safety factor of the Williamsburg Bridge was sufficiently high, the original cables salvageable and safe 
for another 100 years of service. A comprehensive rebuild program was initiated, in which the main 
cables were wedged, cleaned, oiled, broken wires spliced (see following section), and broken strands 
re-anchored [27]. Finally, the bridge was rewrapped with bright steel wrapping wire, since it was found 
that the zinc-coated wrapping wire applied to the bridge in the 1920’s created a galvanic couple with 
the carbon steel bridge wires, causing significant local corrosion on the outermost wire layer [10,26]. 
In 1987, the Schoharie Creek Bridge, a bridge carrying the Thomas E. Dewey Thruway in upstate 
New York, collapsed due to excessive scour at the foundations, killing ten people. This disaster 
empowered Commissioner Ross Sandler to request a considerable funding increase from the city, 
kick-starting the rehabilitation of the Williamsburg Bridge [24]. The Williamsburg Bridge’s 
approaches, the source of most imminent safety concerns, were shored up with 150 tons of girders 
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in an emergency effort to return the bridge to minimal working order. On 10 June 1988, the 
Williamsburg Bridge reopened with two traffic lanes, subways following shortly thereafter. 
This case study underlines the pivotal importance of data-driven decision-making. An exhaustive 
simulation performed by the highly capable S.R.I. failed to accurately estimate the remaining 
strength of the structure at the time of inspection and project its SF into the future (S.R.I.’s SF 
estimate was 60% lower than the revised Steinman SF). The S.R.I. effort failed because it was based 
on a biased and insufficient sample population on top of overly conservative assumptions of the 
governing failure mechanics. In the end, non-representative data and a lack of insight into the 
mechanics of the system under scrutiny closed one of the longest suspension bridges in the world. 
The Steinman report is widely considered the first exhaustive, full-scale condition assessment of a 
parallel wire suspension bridge. The lessons learned from the Williamsburg Bridge cable 
investigation, in parallel to a similar assessment of the Manhattan Bridge would later drive the 
creation of National Cooperative Highway Research Program’s “Guidelines for Inspection and 
Strength Evaluation of Suspension Bridge Parallel Wire Cables” in 2004. To date, the sampling 
requirements, testing procedures, and inspection intervals prescribed by this report remain standard 
industry practice [28]. 
Ultimately, the Williamsburg Bridge case forced both engineers and politicians to recognize a new 
category of civil infrastructure: the irreplaceable bridge. The Williamsburg Bridge, unlike similar 
structures in less densely populated areas, cannot be easily demolished and replaced in kind without 
considerable hardship and cost. Urban bridges are irreplaceable structures; as noted by Dubin and 
Yanev, “their life is, from a manager’s standpoint, infinite” [17]. In the United States, infrastructure 
stewardship has since become a focus on the federal level, most notably through the Intermodal 
Surface Transportation Efficiency Act of 1991 (ISTEA), which allows federal funding to be used for 
preventative maintenance of critical infrastructure such as suspension bridges [17]. In the 35 years 
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since the construction of the Williamsburg Bridge, an increased confidence by engineers in the 
suspension bridge structural form as well as economic drivers has decreased the actual safety factors of 
new suspension bridges at time of completion from 4.5 to 2.7 [8]. This efficiency gain can in part be 
attributed to technological progress, but one should not ignore the fact that these newer bridges (e.g. 
Verrazano Narrows, Throggs Neck, Bronx-Whitestone, etc.) will have significantly less ability to 
absorb the effects of structural degradation without adversely affecting their serviceability and 
overall safety. 
Suspension Bridge Main Cable Inspection 
Corrosion Classification 
In 2004 NCHRP Report 534 was developed by Mayrbaurl and Camo with other engineering 
industry partners as a comprehensive standard for inspection protocols, field and laboratory testing, 
estimation of cable strength, and reporting of suspension bridge main cable condition [28]. It is 
widely accepted as the current state of practice in the bridge engineering and management 
community.  
Hopwood and Havens proposed a visual categorization for corrosion in four stages (sometimes 
referred to as grades), as shown in Figure 3 [11]: 
- Stage 1: spots of zinc oxidation on the wires; 
- Stage 2: zinc oxidation on the entire wire surface; 
- Stage 3: spots of brown rust covering up to 30% of the surface of a 75 to 150 mm (3 to 6 in) 
length of wire; and 
- Stage 4: brown rust covering more than 30% of the surface of a 75 to 150 mm (3 to 6 in) 
length of wire. 
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Although the classification is purely visual and does not involve any data concerning the residual 
strength and ductility of the wire, the system remains to this day the foundation for main cable 
condition assessments performed on existing bridges.  
 
Figure 3: Hopwood and Havens corrosion stage classification. A wire is categorized as Stage 1 when spots of white zinc 
corrosion are visible on the wire. A wire is considered Stage 2 when it is entirely covered by white rust (i.e., zinc 
corrosion), but no ferrous corrosion has yet initiated. A wire is considered Stage 3 if it exhibits spots of ferrous 
corrosion (red rust), not to exceed 30% of the wire area; all wires exhibiting more ferrous corrosion are classified as 
Stage 4. 
Internal Inspection 
The standard requires various levels of intensity of cable inspection, internal inspection being the most 
thorough; this level of inspection is prescribed at least every 30 years, but intervals are decreased to 
as little as five years if significant corrosion is detected and as the bridge ages. During an internal 
inspection, the cable is wedged open at numerous radial positions with non-sparking wedges, 
hammers, and/or hydraulic wedge jacks. Typically, each cable is inspected at a minimum of three 
locations: at the trough of the mainspan and sidespan (backspan) and one alternately at the midpoint 







point, the cable is wedged at eight radial locations, spaced evenly at 45° intervals. Generally, an 
entire panel – the distance between adjacent cable bands – (ca. 12 m, 40 ft) is wedged during an 
inspection. The red lead paste originally applied to many older cables as a corrosion deterrent not 
only largely failed its purpose but now poses an environmental and occupational hazard. If red lead 
paste is present, the inspectors are required to install enclosures with filtering systems and 
appropriate personal protection equipment (PPE) for the workers to safely remove the paste 
without exposing themselves and the environment to toxic lead.  
Wire Splicing 
If broken wires are detected during the inspection or wire samples are removed for laboratory 
testing, NCHRP Report 534 dictates that a virgin section of wire be spliced into the working cable 
and tensioned to the equivalent service load of surrounding wires. The new wire is spliced into the 
cable by using carbon steel or stainless steel wire ferrules. Threaded ferrules require the wire to be 
threaded by either cutting or rolling, and are specified to sustain 75% of the original tension capacity 
of the wire. Pressed-on ferrules, which are crimped onto the wire by mechanical means, are specified 
to sustain 90% of the ultimate strength of the wire. 
 
Figure 4: Detail of Wire Splicing per NCHRP Report 534 Recommendations 
The procedure requires that a new piece of wire be cut to the approximate length of the removed 
wire and subsequently cut into two pieces (labeled wires #2 and #3 in Figure 4). Each end of the 
original wire is cleaned (labeled wires #1 and #4 in Figure 4), and a pressed-on ferrule is spliced 







#1 #2 #3 #4 
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by use of jacks to the prescribed service load. This allows wire #3 to be lined up to wire #4 and 
trimmed to the length that it will be under service load. The assembly is unloaded, and wire #3 is 
spliced onto wire #4. Turning the opposing threads integrated into the threaded wire ferrule, much 
like a turnbuckle, then tensions the entire new wire assembly. Tension in each inserted wire is tested 
by the tension offset method using a dynamometer.  
 
Figure 5: Crimp-on wire ferrule (top) and threaded ferrule (bottom) 
It is important to note that typical ferrules have a significantly larger diameter than the bridge wire; 
the samples in Figure 5, the type that was employed in a number of bridges in the northeastern US, 
has a diameter of 11.3 mm. This is more than twice the diameter of a standard bridge wire. 
Wire Breaks and Development Length 
The Williamsburg case study has underlined the importance of development length in SF estimation. 
Therefore, the discussion will be extended here, based largely on the seminal work performed by 
Gjelsvik with additions from Raoof and Huang. It remains important to have a strong understanding 
of the details of the Williamsburg report, since the inferences made by the Steinman team have 
largely been accepted by today’s bridge engineering community. The results from the report have 
since fed various empirical analyses, which have in turn informed numerical simulations of 
increasing complexity and/or increasing elegance. The progress in the field will be discussed to 
provide the reader with an understanding of the strengths and weaknesses of the various 
approaches, and on what experimental data they are based, if any. 
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If a single bridge wire breaks in the cross section of a bridge cable, that wire is likely to regain load 
by friction and mechanical interference from its neighbors. The length of the wire section from the 
break point to the point where the tension is restored to its initial value is defined as the development 
length, ܮ஽ [26]. A measure of the percentage of standard load that a broken wire carries at a specific 
location is given by the stress transfer factor, ߟ, defined as follows: 
  ߟሺ%ሻ ൌ ఙሺ௨ሻఙഥ ൎ
ఌሺ௨ሻ
ఌത  (1) 
where ߪሺݑሻ is the axial stress in a broken wire at a certain distance, ݑ, from the break while ߪത is the 
mean stress of constituent (undamaged) wires of said cross section. Consequently, ߟ ൌ 0% is 
equivalent to a fully unstressed wire while ߟ ൌ 100% is equivalent to a wire that is loaded to the full 
mean service stress of the wire, which is generally approximated as the service stress of the cable (or 
a subsection thereof, if only a reduced part of the cable is considered in the calculation, i.e. a strand). 
Assuming that strains are small, the material is isotropic and linear elastic, the formulation can be 
extended to the engineering strain domain as well with little error where ߝሺݑሻ is the axial strain of 
the target wire at a specific distance, ݑ, from the break and ߝ ̅is the average axial strain in the 
undamaged wires of the cable. 
Although this force transfer mechanism is quite intuitive, its experimental quantification is far from 
trivial. Friction force between abutting wires naturally is a function of normal force applied to the 
interface surface and the friction coefficient. In a suspension bridge main cable, the normal force is 
created by the wrapping wire and cable bands. To date, bridge engineers consider the cable bands on 
the bridge to be the main source of confinement, neglecting the contribution of the radial wrapping 
wire present along the length of the bridge cable [26,28]. The assumption that the wrapping wire 




Observations from the Williamsburg Bridge 
The Steinman report issued in 1988 on the safety of the Williamsburg Bridge was the first report in 
the literature to attempt to quantify development length (clamping length, in the original parlance, 
which is the cumulative distance on both sides of a broken wire after which the wire regains full 
loading) [26]. The retraction measurements performed appear to be the sole experimental data 
present to support all subsequent claims of clamping length made in the art. As noted by the report: 
Calculations made from the wire measurements indicate that the undisturbed bands, even at 
the backstay region, retain over 80% of the wire tensions after cutting. Thus two bands will 
provide complete recovery for a wire break, without counting any effect of the wire 
wrapping, so that the total clamping length across the unloaded length of a wire break would 
be three panel lengths (to include two bands on each side of a wire break), or 60 feet. 
Adding for the effect of the undisturbed wrapping wire, only one band would be needed on 
each side of a break, making the overall clamping length 20 feet… However, we conclude 
that for computations requiring a clamping length, 60 feet should be used. [26] 
This conclusion, found in Appendix X of the Steinman Report remains the sole experimental data 
on the subject of wire development length. The Steinman team makes the claim that the clamping 
length in a cable would be 6 m (20 ft) rather than 18 m (60 ft) if the contribution of wrapping wire is 
included. Unfortunately, no evidence is provided for this claim, and audience is cautioned to use the 
more conservative 18 m (60 ft) clamping length for relevant computations. 
A careful inspection of the Steinman report on the subject of cable bands uncovers a unique 
idiosyncrasy of the Williamsburg Bridge that is likely not representative of other major suspension 
bridges. Its backstays are in fact not suspended from the cables but rather supported by piers built 
under the bridge approaches. The cable bands used in the backspans were therefore not designed to 
carry suspenders but served to merely clamp and stabilize the cable cross section. The Steinman 
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engineers observed that these bands were under-designed when a cable band failed after being 
loosened and re-tightened during a friction coefficient test on the “ܥ” cable. The group consequently 
advised that they be replaced with a superior design [26]. The retraction measurements from 
purposely-cut wires resulted in gaps averaging 11.4 mm (0.449 in) in the mainspan and 18.6 mm 
(0.732 in) in the backspan. The fact that the cut wire retractions closely matched the in situ fractures 
proved that the fractured wires locked themselves into a stable post-failure configuration, and little 
to no slippage could be expected of broken wires in the long term. However, the backspan 
retractions were 63% higher than the mainspan, due to the poor design of the backspan cable bands. 
The equivalent clamping length for the abovementioned retractions can be estimated by 
  ܮ ൎ ∆஺ாு  (2) 
where ∆ is the retraction (m), ܣ is the wire cross-sectional area (m2), ܧis the Young’s modulus (kPa), 
and H is the axial force (kN) [8]. Using Equation (2), the mainspan and backspan exhibit an 
approximate clamping length of 6.9 m (23 ft) and 10.3 m (34 ft), respectively. To be sufficiently 
conservative, Steinman proposed that the clamping length be generalized to the length of two panels 
(three cable bands) for the entire structure, resulting in a general clamping length of 18 m (60 ft). It 
is important to note that this generalized clamping length is governed by the under-designed 
backstay cable bands, which are unique to the Williamsburg Bridge. This clamping length is 
therefore likely overly conservative for other suspension bridges. Since its publication, the 18 m (60 
ft) clamping length has been used without question by many academics and engineers for countless 
suspension bridges, as will be shown in the following sections. 
Hertzian Contact Theory 
In order to discuss development length in detail, one must first recall the fundamental mechanics 
governing friction problems and their application to the bridge wire case. Hertzian contact theory 
from classical elasticity is employed to find a closed-form solution to quantify the forces acting on 
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the wires in the contact regions. Consider a concentrated force, ܨ, acting on an elastically 
deformable infinite half space, as shown in Figure 6 [29].  
If the body is prescribed to be homogeneous, isotropic, and elastic, the displacement field can be 
computed in Cartesian coordinates using equilibrium and compatibility: 




௥ሺ௥ା௭ሻ ቃ ܨ௭ (3.1) 




௥ሺ௥ା௭ሻ ቃ ܨ௭ (3.2) 




௥యቃ ܨ௭ (3.3) 
where for simplicity ݎ ൌ ඥݔଶ ൅ ݕଶ ൅ ݖଶ, ܧ is the Young’s modulus, and ߥ is the Poisson’s ratio. 
 
Figure 6: A force, ܨ, acting on an elastic infinite half-space in the ൅ݖ direction. The origin of the coordinate system is at 
the contact point of the force, ܨ, with the half-space.  
From these displacement equations, the Hertzian contact force is derived for a rigid sphere and an 
elastic infinite half space, which can then be applied to the contact problem of two elastic bodies 
with curved surfaces in contact by superposition. For a detailed derivation, see Popov’s Contact 
Mechanics and Friction [30]. The problem of particular interest is that of two cylinders contacting each 
other on the curved face (Figure 7). In this case, a normal force, ܨ, is evenly distributed along a 
contact length ܮ between two cylinders with parallel axes, with radii ܴଵ and ܴଶ, Young’s moduli of 







neighboring wires at relatively regular 60° radial intervals. For simplicity, only one of six contact 
surfaces between two round wires will be considered. 
 
Figure 7: Hertzian contact geometry and resultant stress distribution for two round wires with radii ܴଵ and ܴଶ in parallel 
contact. The distributed forces ܨ are applied collinearly with the contact line between the two wires. The relatively small 
(two-dimensional) contact surface creates a stress concentration, which in turn flattens the two faces, creating a 
rectangular contact surface. The inset shows the contact surface with width, 2ܾ, in detail. The round contact geometry 
creates an ellipsoid contact stress distribution along the flattened section contact region with a maximum stress, ݌௠௔௫, at 
the centerline of the region. 
The resulting elastic deformation of the two cylinders at the line of contact creates a contact area 
with half-width, ܾ, defined as: 








In the case of ASTM A586 zinc-coated parallel steel wires, ܧଵ ൌ ܧଶ ൌ ܧ௦௧௘௘௟ ൌ 2 ൉ 10ଵଵ	ܲܽ, ߥଵ ൌ
ߥଶ ൌ ߥ௦௧௘௘௟ ൌ 0.3, ܴଵ ൌ ܴଶ ൌ ܴ௪௜௥௘ ൌ 2.5 ൉ 10ିଷ	݉; hence equation (3) can be simplified to: 

























The industry standard compaction pressure of 2000 psi will be used as a numerical example. With a 
compaction pressure of ݌௙௙ 	ൌ 	1.4 ൉ 10଻	ܲܽ assuming six contact points (݊௖௢௡௧), along the 
circumference (ܥ௪௜௥௘) of a 5 mm diameter wire and a balanced concentration of said pressure on the 
six contact points (݊௖௢௡௧), results in the following circumferential wire distributed load ቀி௅ቚ௖௜௥௖ቁ and 
contact distributed load ቀி௅ቚ௖௢௡௧ቁ: 
  ி௅ቚ௖௜௥௖ ൌ ݌௙௙ ∙ ܥ௪௜௥௘ ൌ 1.4 ∙ 10
଻ ∙ 5ߨ ∙ 10ିଷ ൌ 2.20 ∙ 10ହ 	ܰ ݉ൗ  (6) 




଺ ൌ 3.67 ∙ 10ସ 	ܰ ݉ൗ  (7) 
The resulting deformed (flat) section, 2b, at the point of contact with its neighboring wire is: 
  2ܾ ൌ 2 ∙ 1.20 ∙ 10ି଻√3.67 ∙ 10ସ ൌ 4.60 ∙ 10ିହ	݉ ൌ 46	ߤ݉ (8) 
This numerical example serves mostly to show the order of magnitude of the deformations on the 
wires. The pressure distribution along the contact area is semi-elliptical, with the maximum contact 
pressure (at the center of pressure), ݌௠௔௫	: 
  ݌௠௔௫ ൌ ଶிగ௕௅ (9) 
Continuing the numerical example, the maximum pressure for this case is: 
  ݌௠௔௫ ൌ ଶிగ௕௅ ൌ
ଶ∙ଷ.଺଻∙ଵ଴ర
గ∙ర.లబ∙భబషఱమ
ൌ 1.02 ∙ 10ଽ	ܲܽ ൌ 1.02	ܩܲܽ (10) 
Hertzian theory provides a very intuitive and practical first-order estimation of the forces acting 
inside a parallel wire strand. Most notably, a compaction force that is within the accepted industry 
range of 14 MPa (2000 psi) results in local contact stresses on the order of the yield strength of the 
material (Table 1). However, this calculation is carried out using considerable simplifying 
assumptions, which cannot be ignored: 
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1. The wires in the bundle are assumed to be in perfect hexagonal packing and therefore make 
complete and equal contact with all of their neighbors in the lattice. For this to be true, the 
wires must be of equal diameter and be arranged in a perfect lattice during fabrication. Both 
of these assumptions are unlikely in a real life setting and will be tested at length in the 
following chapters. 
2. The compaction force is assumed to be perfectly radial around the cross section of the cable. 
At the time of this publication, no direct measurements exist in the literature to confirm this 
assumption. This assumption is validated directly by experimental in situ measurement in 
Chapters 5 and 6. 
3. By merit of being based on classical theory of elasticity, Hertzian contact theory is limited to 
the elastic regime. Considering that the estimation of an ideal system approaches the yield 
limit of the cable specimen, a lattice with dimensional variations will likely experience 
stresses that fluctuate both above and below this first-order approximation. In this case, 
contact stresses will exceed the yield strength of the material, inducing plastic flow and 
consequently plastic redistribution of forces in the system. 
4. Finally, the current analysis does not take into account the fact that ASTM A586 bridge 
wires are zinc-coated. Both the modulus of elasticity and ultimate strength of zinc are orders 
of magnitude below that of steel (Table 1), so the zinc would deform heavily to the point of 
“flowing” to the edge of the contact region. However, one can only speculate how much the 
zinc will actually participate in the load transfer due to its low stiffness and ultimate strength. 
In conclusion, the Hertzian model serves as an appropriate first-order method to estimate the forces 
with a parallel wire strand cross section. The complexity of the problem, however, quickly becomes 
apparent during this analysis. In the following section, Gjelsvik’s work on the subject is introduced, 
which uses Hertzian contact theory to quantify the force distribution within a parallel wire cable and 
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estimate development length within a representative suspension bridge cable. Additionally, a review 
is made of the major developments on the subject since Gjelsvik, mostly numerical simulations used 
to estimate development length. One must, however, remain vigilant to ensure that these models use 
well-founded data to maintain fidelity with the full-scale structural system. 
Empirical Estimation of Development Length 
Historically, the mechanics of parallel wire cables were given relatively little attention in the 
engineering community. This may in part have been due to the fact that the field in which parallel 
wire cables are employed is a relatively small industrial sector; additionally, long span bridge cables 
undergo very mild fatigue loads when compared to other cables and wire ropes [10]. In contrast, 
helical wire ropes have been studied at length since they are employed in a wide range of failure-
critical applications with aggressive fatigue envelopes. Applications include mooring ropes in the 
marine sector, guy-wires in tall telecommunications towers, as track cables and haulage ropes in 
aerial tramways, and rigging ropes in cranes and hoists. In all of these applications, the fatigue 
envelopes and local fretting loads to which the ropes are exposed generally govern their useful lives. 
Understanding the contact and failure mechanics of helical wire ropes allows engineers to establish 
optimal discard criteria with regard to both safety and economy. However, the mechanics of helical 
ropes are largely dominated by the torsion and self-compressive action of the lay (helical twist) of 
the rope, which is not present in parallel wire rope. When loaded in tension, the twisted wires 
compress the central core of the rope, increasing the normal force and therefore also inter-wire 
friction. In 1985, Chien and Costello developed a rigorous closed-form solution of the effective 
development length as a function of wire lay and load based on contact loads between wires 
assuming Coulomb-type friction and applying Saint-Venant’s principle [31,32]. Utting and Jones 
expanded on this work and performed an experimental parametric study to test the existing 
analytical solutions and quantify the effect of Poisson thinning, local flattening of wires at contact 
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points, and the friction interaction between the core and helical wires. They found that in helical 
ropes under axial loads, away from boundaries, there is no slip [33,34]. Although very useful in a 
general sense, the work performed on helical wire ropes cannot be directly applied to parallel wire 
ropes due to the significant difference in the rope geometry and resulting contact mechanics (i.e. 
wire lay, self-tightening under load, etc.). 
In 1991 Gjelsvik published a seminal article in which he uses Hertzian theory to create closed-form 
solutions and relevant upper bounds of forces expected in an average-sized parallel wire suspension 
bridge cable; he also quantified the resultant development length of a broken wire with the cable 
[35,36]. Gjelsvik accompanies the mechanics derivation with a numerical example, using a 
hexagonally packed parallel wire bridge cable with 7,696 wires and a diameter of 46 cm (18 in), a size 
comparable to the main cables of the Manhattan Bridge (9,472 wires) and the Williamsburg Bridge 
(8,110) in New York City. First, he quantifies the global compaction forces acting on the cable cross 
section. He then solves for the contact forces and resultant first-order contact deformations in the 
individual wires. Using this internal stress state solution, he quantifies the development length of a 
wire after it fractures in situ. He assumes that the wires in the cable all have a 5 mm diameter with 
zero dimensional tolerance, are consequently in perfect hexagonal packing, and that the entire 
system remains in the elastic regime. 
Gjelsvik provides upper bounds for confinement forces created by the two most dominant sources 
of confinement: 1) the cable band and 2) the wrapping wire. For the wrapping wire, he applies 
equilibrium to the half-body of the cable, resolving the tension force in the wrapping wire to the 
internal compression of the cross section. The wrapping wire will exert the maximum confinement 
force on the cable section if the wire is spun around the cable circumference at its own yield force. 
Assuming a cable diameter of 46 cm (18 in) and an 8 gauge mild steel wrapping wire, the normalized 
cable wrapping force would be ܶ ൌ 802݇ܰ ݉ൗ  (4.58 ݇݅݌ ݅݊ൗ ) per unit length of cable. This number 
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is, of course, clearly an upper bound, as the wire cannot be feasibly spun at such a high tension and 
it is bound to relax as the cable cross section settles into its optimal packing regime (and is loaded 
axially). To date the actual forces in the cable are unknown, but this bulk clamping force serves as an 
upper bound for our investigation. The second and most significant source of radial confinement is 
the cable bands (Figure 8). Gjelsvik calculates the upper bound for the cable bands by assuming that 
the bolts (⅞ in ASTM A325 structural bolts) clamping the two halves of the cable band are at the 
maximum allowable design torque. This upper bound results in a normalized compression force per 
unit length of cable of ܶ ൌ 774݇ܰ ݉ൗ  (4.42 ݇݅݌ ݅݊ൗ ). This limit case is far more realistic than that 
of the wrapping wire since it is quite plausible that the bolts are indeed tightened to yield during 
installation of the cable band.  
 
Figure 8: Detail view of cable band attached to suspension bridge main cable. The bolts are arranged in a row on the top 
and bottom of this specific cable band, creating a compression force on the cable section that holds the cable band in its 
prescribed location. The cable band therefore acts similarly to a two-part shaft collar, effectively pinching the cross 
section to stay in place. Aside from confining/compressing the cable laterally, the primary purpose of the cable band is 




A very important caveat remains; the relative stiffness values of the cable band and the bolts as 
compared to the wrapping wire do cause this system to relax its clamping force with very little 
reduction in the cross section. If the cable band is attached and tightened before the majority of the 
bridge deck is built, it is plausible that Poisson thinning in the main cable wires causes the cable 
band to relax as construction progresses. This issue can be corrected by simply retightening the bolts 
after the deck is fully built, as is the convention during construction. However, any rearrangement of 
the wires in the cross section would cause a considerable decrease in compaction force. Gjelsvik 
therefore suggests that the wrapping wire may in the end be a more reliable source of confinement 
than the cable bands. This claim, although very logical, has been entirely ignored by the engineering 
community. The current state of practice (i.e. NCHRP 534) still considers the cable clamps as the 
only source of clamping and ignores the contribution of the wrapping wire entirely as defining the 
clamping benchmarks by the engineering community [9]. Therefore, the redevelopment of full 
service strain along a broken wire is quantified in the number of cable bands, which corresponds to 
a length along the cable on the order of tens of meters. To date, the assumption that the wrapping 
wire provides negligible confinement has not been confirmed experimentally. 
Most importantly, Gjelsvik showed that although Poisson contraction, wire packing regime, wire 
surface properties, and other global effects influence the force transfer within a cable cross-section, 
variations in wire diameter can dominate the local contact mechanics, and thus the forces within the 
cable cross section. Gjelsvik’s analysis idealizes the geometric distribution by prescribing identical 
diameters to all wires except for the undersized wire in question and arranges them in a perfect 
hexagonal packing matrix. Then it idealizes the packed wire matrix by modeling the wire-to-wire 




Table 2: Packed wire stiffness, ܭ, calculated for a perfectly packed wire lattice normalized by the Young’s modulus, ܧ, of 
the steel wires. The development length, ܮ஽, resulting from the calculations varies strongly between the linear Gjelsvik 
and the logarithmic Raoof-Huang solutions. The development length, ܮ஽, used in the art is at least 20 ft (6 m).  
 Gjelsvik* [35] Raoof & Huang [38]  
Wire matrix stiffness, ࡷ ࡱൗ  0.476 0.069 
Free wire undersizing threshold ≥3 μm (0.12 mil) ≥17 μm (0.67 mil) 
Development length, ࡸࡰ 0.29 m (0.94 ft) 1.55 m (5.10 ft) 
* values reflecting the numerical correction by Raoof and Huang are shown here
 
The resulting honeycomb spring field allowed Gjelsvik to calculate the amount of diameter under-
sizing required in a single wire to be fully free of contact with this lattice: a negative deviation of 3 
μm from the assumed wire diameter would eliminate all force transfer between this under-sized wire and 
its neighbors, rendering that wire free in the hexagonal packing regime [35]. If, for example, this 
undersized wire were to fracture in situ, it would not pick up service load from its neighbors via 
friction and remain a dead wire. In a real bridge cable, all wires might have slightly different wire 
diameters, distributed spatially as a stochastic field in accord with the dimensional statistics of 
manufactured bridge wires. Consequently, a strongly heterogeneous strain distribution within the 
cable is expected. In the 25 years that passed after the publication of these two articles, neither the 
distribution of wire diameters nor their contribution to the force distribution in a parallel wire strand 
has been quantified. Raoof and Huang augmented and expanded the work of Gjelsvik, approaching 
the problem from experience in fatigue problems in helical cables used primarily in marine 
structures. Raoof extended the theoretical model to include the transition between the full-slip to 
no-slip friction on the middle wire of a helical strand on the basis of orthotropic sheet theory [37]. 
For the parallel wire problem, Raoof and Huang provided an alternate solution to the spring 
definition by invoking instead the closed-form logarithmic solution by Radzimovsky rather than the 
linear solution by Hertz for two cylinders in contact [30,38,39]. In addition, Raoof and Huang found 
a numerical error in Gjelsvik’s proof that slightly modified the mechanical response of the bundle 
(the corrected values are used in this thesis). The Raoof and Huang solution yields a considerably 
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lower packed wire matrix stiffness (approx. 5.9 times more compliant), summarized in Table 2. Per 
the Raoof and Huang solution, the minimum variation between wire diameters to induce a dead wire 
is 17 μm (0.67 mil). The nonlinear solution provided by Raoof and Huang consequently also 
predicts a considerably larger development length. 
Surprisingly, the analytical solutions presented by both Gjelsvik and Raoof and Huang predict a 
significantly shorter development length than what was proposed in the Steinman report and later 
codified as best practice by NCHRP Report 534. The Steinman report quantified the standard 
clamping length – the distance between consecutive cable bands that provides near-full stress 
development in a broken wire on both sides of the break: 18 m (60 ft). The report states that this 
distance may be reduced to 6 m (20 ft) if the wrapping wire is considered, but the authors advise 
against doing so in the name of conservatism. Therefore, if a wire is assumed to break very near a 
cable band, the development length would be at least 20 ft (6 m) on the side of the crack that is near 
a cable band (Figure 2) and at most 40 ft (12 m) on the side that is far from the cable band. These 
development lengths are multiples larger than the analytical values. The work by Gjelsvik, Raoof, 
and Huang remain the only attempts to theoretically quantify 1) the internal forces in a civil-
engineering scale parallel wire cable; 2) the matrix stiffness of the cable cross section; 3) the diameter 
deviation required to make a wire free within the cross section; and 4) the development length of a 
broken wire in a bridge cable. However, for parallel wire strands, the discrepancy between the 
analytically derived development lengths and those used in practice has also not been addressed. 
Since these two articles, the internal mechanics of helical wires have been studied at depth. Raoof 
and Kraincanic modified Gjelsvik’s model to include different contact force estimates and transition 
of shear forces from no-slip to full slip [40]. They used their model to a development length as a 
function of the number of lays in a helical rope, creating in the end rope discard recommendations 
for the engineering community. Also, Huang and Vinogradov developed a mathematical model to 
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quantify the mechanical properties of axially loaded strands, focusing on frictional energy losses and 
inter-wire slip mechanics during quasi-static cyclic loading [41,42]. Further work on friction energy 
dissipation and damping properties of axially loaded helical wire rope is also performed by Labrosse 
et al. [43]. Although very rigorous, these derivations are based on the geometry of helical wire rope. 
This work was followed by Nawrocki and Labrosse in 2000 who corroborated the Utting and Jones 
analysis via finite element simulation [44]. Unfortunately, this work does not apply to parallel wire 
bridge cables due to the significantly different loading conditions and cable geometries. 
Safety Factor Estimation 
With the advent of intensive suspension bridge main cable inspections and testing programs, both 
industry and academia have moved to make use of these new, rich data sets to estimate the safety 
factor of a structure at the time of inspection and predict future performance. Both traditional 
approaches using fundamental statistics (e.g. distributions of extremes) as well as computer-based 
brute force methods such as Monte Carlo Simulation (MCS) and Finite Element Analysis (FEM) 
have been used since then to predict cable strength, simulate progressive failure events, and quantify 
the remaining life of structures. The scope of this thesis is to understand the fundamental mechanics 
of these systems; therefore, particular scrutiny is given to the fundamental assumptions made to 
develop the models and simulations in question. Ultimately, the fidelity of any simulation hinges on 
the accuracy of the data being used. 
Cable Strength Models 
Eiselstein and Caligiuri performed one of the first major cable investigations in 1982-85 in response 
to the (apparently) alarming conditions of the Williamsburg Bridge main cables [22]. The Eiselstein 
report estimated the safety factor (SF) at the time to be 2.5, down from the as-built SF of 4.5 and 
predicted to rapidly decrease in the future. As previously noted, this investigation was discounted as 
overly conservative in the years following, mostly due to the poor wire sampling strategy employed 
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during the cable inspection [26]. However, other factors also contributed to the negative residual 
strength estimate; an effective clamping length of 122 m (400 ft) was assumed for the calculation 
without justification or reference [22]. This apparently arbitrary choice of clamping length is 6.7 
times higher than the most conservative length calculated by Steinman a few years later. 
An excellent estimation of the Williamsburg Bridge safety factor was performed by Matteo, 
Deodatis, and Billington in 1994 [45]. Matteo et al. used the Steinman data to perform both a Monte 
Carlo Simulation and an extreme value distribution (EVD) calculation to estimate the remaining SF 
of the Williamsburg Bridge. A major point of contention between the various past SF estimations 
has been the choice of failure model, as defined by Steinman: 
1. Ductile Wire Model: In this model, the mean breaking tensile strength of a cable section with 
a given effective clamp length is assumed to be equal to the sum of the mean breaking 
tensile strengths of all of its unbroken wires. The mean tensile strengths are obtained from 
the Carleton Laboratory tensile tests. 
2. Load Sharing (Brittle Wire) Model: In this model, an estimate of the proportion, say ݌, of 
wires in a cable section whose breaking strength is greater than some value (given or 
calculated), say ݇, is determined. Then, the strength of the cable section is taken, 
conservatively, to be equal to the product of ݌, ݇, and the estimated number of unbroken 
wires in the cable section. That is, the proportion of wires whose strength is less than k are 
taken to have zero strength and the proportion whose strength is greater than ݇ are all 
assumed only to have strength ݇. 
3. Ductile-Brittle Wire Model: In this model, a wire is assumed to be too brittle to contribute to 
the cable strength if its permanent elongation is less than 0.6%. Such wires are considered 
ineffective. The number of effective wires is obtained by subtracting the estimated number 
of ineffective wires from the estimated number of unbroken wires. The estimated number of 
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ductile wires is obtained from the simulation data. The estimated mean cable strength is the 
product of this reduced number of wires and the estimated mean strength of ductile wires. 
[26] 
In the case of Steinman, the variables ݌ and ݇ are calculated per the method provided by Madsen et 
al. [46]. Matteo et al. discount the purely brittle wire assumption – previously used by the Eiselstein 
and S.R.I. SF estimation as well as by Mayrbaurl in his investigation of hydrogen assisted cracking – 
as extremely conservative and unrealistic [9,22]. Matteo et al., however, do consider both the ductile 
and ductile-brittle models in their estimations, using ≥0.6% strain as the benchmark for ductile 
behavior [26]. They perform a statistical analysis using both the Type I EVD and MCS. They find 
that the two approaches provide almost identical results, although the MCS at much greater 
computational cost. Matteo et al. also recognize that Steinman provided a range of 6-18 m (20-60 ft) 
for acceptable clamping lengths, providing little hard proof to support the more conservative 18 m 
(60 ft) clamping length as fundamentally correct. Therefore, the Matteo simulation uses 6, 12, and 18 
m (20, 40, and 60 ft) as possible clamping lengths to investigate the importance of this parameter in 
SF estimation. 
For the ductile model, the SF estimation is relatively straightforward. First, the number of broken 
wires is extrapolated from the results of the main cable visual inspection. In the Williamsburg 
Bridge, of the 7696 wires in each main cable, 96 are conservatively estimated to be broken. The 
statistics of the (unbroken) wire strengths are captured through laboratory testing performed by the 
Carleton Laboratory for the Steinman investigation. The results are assumed to be normally 
distributed, and the sample mean and standard deviation are considered representative of the cable’s 
total statistics [47]. Then, the total cable cross section’s load capacity is estimated by Type I EVD 
and MCS. The main cable ultimate load from the Steinman investigation is used to then calculate the 




Table 3: The resultant SF for the ductile-brittle and ductile wire failure models versus varying clamping lengths. The 
ductile model is relatively insensitive to clamping length since all wires, irrespective of their condition, are assumed to 
retain their strength, even if corroded. However, in the case of the ductile-brittle model, the SF decreases 10% in the 
ductile-brittle estimation. 
Clamping length Ductile-Brittle SF Ductile SF 
6 m (20 ft) 3.42 4.23 
12 m (40 ft) 3.20 4.21 
18 m (60 ft) 3.07 4.19 
 
The ductile-brittle model estimation requires a further step: the classification of the intact wires into 
ductile ሺߝ௠௔௫ ൏ 0.6%ሻ and brittle ሺߝ௠௔௫ ൒ 0.6%ሻ wires. Here, the clamping length exhibits 
significant sensitivity. If the clamping length is increased, it is much more likely that a wire falls 
below 0.6% ductility along some region of the clamping length. Therefore, the percentage of wires 
that are considered brittle at 8 m (20 ft) of clamping length, 18%, rises to 26% at 18 m (60 ft) of 
clamping length. Per the ductile-brittle model definition, the brittle wires are then considered 
defective and removed from the aggregate strength of the cable. However, Matteo et al. consider the 
ductile-brittle analysis overly conservative for the Williamsburg Bridge in light of observations made 
by Steinman: 
Several wires have not failed in spite of having suffered corrosion loss over 50% for their 
diameters over length of several inches. Examination of these wires in the field indicates that 
they have elongated plastically, apparently in sufficient amount to keep the stress below the 
ultimate. [26] 
The conclusions made by these works are laudable since they are based on experimental data and 
physical observation rather than overly conservative assumptions based on little to no real data. 
However, in that same spirit, one should not rush to generalize this fine work to other bridges, as 
the conditions of cables can vary drastically from structure to structure. 
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In 1997, Haight et al. surveyed 46 existing suspension bridges in the United States and calculated 
safety factors for four bridges: Williamsburg Bridge, Bear Mountain Bridge, Triborough Bridge, and 
the Golden Gate Bridge (of these bridges, only the Williamsburg and the Bear Mountain bridges 
boasted a fully statistically significant data set) [8]. In large, the group followed the Matteo et al.’s 
calculation procedure, using Type I EVD and employing both the ductile and ductile-brittle models. 
They also employed the two-panel clamping distance assumption for all bridges except the Bear 
Mountain, where four panels were considered sufficient clamping. The Bear Mountain Bridge was 
very poorly compacted, partly due to its round strands (a product of traditional wire spinning) and 
the fact that the contractor failed to remove the stainless steel straps before compaction [8]. The 
presence of the straps in the cross section caused fretting between the straps and the wires. 
Additionally, the stainless steel straps and the zinc-coated wires created a galvanic couple, further 
accelerating corrosion at these locations. Of the 1800 visually inspected wires, 28 wires were 
fractured immediately near a strap. However, no retraction tests were performed to test this theory. 
Instead, the Steinman clamping length was doubled, in the name of conservatism. 
In 2007, Shi et al. expanded the general methodology for estimating the strength of deteriorated 
suspension bridge cables (using the Carleton Laboratory wire data for the Williamsburg Bridge) by 
including the spatial correlation of wire strength over the length of a wire [48]. Shi et al. recognized 
that the deterioration process is highly uncertain, where wires in almost pristine condition may be 
located extremely closely to highly corroded and fractured wires. The assumption of statistical 
independence of strength along the wire’s length is generally not well founded for ductile materials, 
and the resulting distribution is non-Gaussian (e.g. strength cannot take negative values) [49]. As a 
matter of fact, the wire population’s (tested) strength has an autocorrelation of 0.8 at a distance of 3 
m (10 ft) and is therefore clearly not statistically independent. The Shi simulation also assumes a 20 
m (60 ft) clamping length, in line with previous work. The aggregate strength of a Williamsburg 
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Bridge cable in 1988 is then estimated by Type I and III EVD as well as MCS. As previously shown, 
the various EVP approaches yield very similar results while the random field-based MCS results are 
13% higher. This increase in strength is a consequence of the fact that the Shi model is the first to 
account for the variation of the strength along the length of the wire, leading to a more precise 
result. The Shi model shows that higher fidelity models based on rich data sets drive efficiencies 
away from statutory design choices, which lead not only to waste but may also cause engineers to 
make detrimental decisions based on poor models and/or data. The Williamsburg Bridge case is an 
excellent example of this hazard being realized. 
A rich body of work by Waisman et al. on the subject will be discussed in the body of this thesis 
since the resulting models are intimately related to the data garnered from this experimental test 
series [50,51]. 
The literature review provided here shows a wealth of models and simulations, some very elegant. 
However, essentially all simulations to date are based on the 1988 Williamsburg Bridge investigation 
data, with many conventions such as development and clamping lengths applied to many other 
bridges. As has been shown in this review, the Williamsburg Bridge exhibits various peculiarities (no 
suspenders on backstays, poor cable band design, bright steel wires, etc.) that significantly depart 
from the general configuration of suspension bridges. Apparently, there exists a dearth of basic 
experimental data quantifying the internal mechanics of parallel wire suspension bridge cables. The 
goal of this thesis is to provide, by experimental means, a better fundamental data set describing the 
internal mechanics of a suspension bridge cable. Reduced strands will be used in this investigation, 





The aim of this thesis is to answer the following questions concerning the development length, ܮ஽, 
the distance over which a broken wire in a strand regains near-full strain purely through contact with 
neighboring wires: 
- What is the relationship between development length, ܮ஽, and confinement (clamping), wire 
twist, etc.? 
- Is this distance on the order of meters, as advertised by the Steinman investigation? 
- Can the influences of friction, mechanical interference, and other geometric effects be 
independently parameterized? If so, do any specific parameters dominate the mechanics? 
The second part of this thesis therefore aims to understand the internal mechanics of hexagonally 
packed parallel wire strands under various forms of confinement (clamping). The following 
questions will drive this portion of the investigation: 
- How are internal forces distributed across the individual wires of a tightly packed and 
clamped strand? 
- Is the strain distribution across the wires homogeneous or heterogeneous? 
- Is the distribution well behaved and/or radially symmetric? 
- Can the internal forces of a strand be accurately approximated by a mean-field distribution?  
- What parameters drive the strain distribution? 
These questions will be addressed in a systematic manner using scaled down physical parallel wire 
strands with 7, 19, and 61 constituent wires.  
Neutron Diffraction Strain Measurement 
The most obvious challenge in answering these questions lies in the fact that it is very difficult to 
instrument a multi-body system – such as a parallel wire strand – using any conventional physical 
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sensor technology without disturbing the cross section and consequently altering the contact 
mechanics of the system. If the goal were to measure the strain development of a fractured wire 
over a certain distance, conventional sensors, notably strain gages, would be both tedious in 
application as well as highly disruptive to the cross section’s packing regime. The strain gages 
themselves, although the thin film is only a few microns thick, require wires for power as well as 
soldered connections at the film-to-wire interface. Fiber-optic strain sensors may possibly fit in the 
interstitial space between the wires, but they also must be mounted to the wire by way of adhesive or 
clamp. Such sensors alter the cross section of the individual wire, modifying the friction properties 
of the wire surface and changing the local and global packing behavior of the strand.  
For in situ testing of bridge cables that are in service, vibrational techniques are currently the only 
non-destructive approach that provide (indirect) information about the stress state of individual 
wires, however, only for surface wires [52]. Talbot et al. measured dead and live loads in 18 peripheral 
strands of a 37-strand cable: the standard deviation is 12 kN (2.70 kip), with the load range spanning 
261 to 310 kN (59-70 kip). However, load measurements within interior bundles or the individual 
wires are not currently possible in the field. Ex situ characterization studies, undertaken primarily to 
validate and/or verify numerical formalisms, generally utilize the simplest symmetry element: 7-wire 
hexagonal strands [53,54]. Even for this simplest model, most studies are only able to report the 
stress state of the six surface wires. The buried central wire remains out of reach of conventional 
sensor technologies. 
In order to quantify the internal mechanics of a parallel wire strand, one must employ a technology 
capable of measuring strain of a metallic material without disturbing the geometry of the sample. 
Engineering materials diffractometers using a deeply penetrating neutron beam are capable of 
quantifying strains inside crystalline bulk materials and/or beneath multiple layers materials. Neutron 
diffraction (sometimes also termed, more generally, neutron scattering) will be detailed in the 
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following section for an audience not familiar with the technique. A short history and the basic 
physics underlying the technique will be discussed in an aim to provide sufficient understanding to 
an engineer to use the technique judiciously. The author would like to point out that the cursory 
nature of this review should in no way betray the incredible complexity and genius of this technique. 
He considers himself a well-educated engineering user of the technique, but by absolutely no means a 
particle physicist. The basic scattering theory and definition of crystal structure will be guided by the 
works of Cullity and Stock as well as Suryanarayana and Grant Norton [55,56]. This basic 
understanding will then be expanded to the practical technical side of the discussion, covered largely 
by Hutchings et al. [57]. The introduction to neutron diffraction will include a short history of x-ray 
diffraction, in many ways the father of all diffraction physics. 
Basic Theory of Diffraction 
At its most basic level, diffraction is the modification of the behavior of a wave by its interaction 
with an object. The first documented scientific description of diffraction likely came from Thomas 
Young’s double slit experiment in 1801 [58]. In his experiment, Young passes coherent (in-phase) 
light through two narrow, high slits and observes fringe pattern on a screen placed behind the slits, 
Figure 9. The fringe pattern is a function of the oscillating constructive and destructive interference 
of the light waves that have passed through the parallel slits caused by the path difference between 
the waves. The separation of the fringe patterns is a function of the wavelength, ߣ, of the incident 
radiation and the space, ݀, between the slits in the grating. If small angles are assumed, 
 ݀ sin ߠ ൎ ݀ߠ (11) 
where ݀ is the distance between the slits and ߠ is the angular path difference between two waves 
(Figure 9), then the oscillation between destructive and constructive interference and consequently 
the angular spacing of the fringes, ߠ௙, is approximately 
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 ߠ௙ ൎ ఒௗ (12) 
If instead a distance, ݖ, is defined between the slits and the projection plane, the width, ݓ, 
(proportional to the resolution if the plate were a sensor array) of the diffraction can be defined: 
 ݓ ൌ ݖߠ௙ ൌ ௭ఒௗ  (13) 
 
Figure 9: Schematic plan of double slit experiment showing the incident coherent light (left), double slits, and resulting 
fringe pattern, a function of the constructive/destructive interference of light waves.  
Max von Laue recognized that Röntgen (x-ray) radiation’s wavelength (10-2 to 102 Å) corresponds to 
the atomic spacing in crystalline materials and would therefore interact with the crystalline lattice of 
the material, providing structural information of the material in the diffraction pattern [55,59]. This 
realization pioneered the use of x-rays in the measurement of structure of crystalline solids and 
powders at the atomic scale. 
Crystal Structure 
In order to understand diffraction at the atomic level, one must first introduce the definitions and 
index systems of crystalline materials. A crystalline material is any material that exhibits long range 









arrangement is called a crystal structure. If a single solid consists of just one crystal structure whose 
periodic arrangement and orientation is unchanged across the entire body, it is classified as a single 
crystal. Silicon wafers used in the semiconductor industry are an example of a single crystal. If, 
however, the solid exhibits the same periodic order but certain subsections, or grains, exhibit periodic 
order in multiple orientations, the solid is a polycrystal. Effectively, a polycrystal is a composite of 
multiple differently sized single crystals (grains) joined at grain boundaries. Some examples of 
polycrystalline materials are metals such as iron and zinc, calcium, table salt, and ice. If a material 
exhibits no large-scale periodic behavior and the locations of atoms are distributed randomly, the 
material is considered amorphous; glass is a classic example of an amorphous solid [56]. 
In any crystalline solid, the unit cell is the smallest arrangement of atoms whose periodic repetition 
fully describes an entire single crystal or grain, as shown in Figure 10. The geometry of the unit cell 
can be fully described by the scalar lengths ܽ, ܾ, ܿ and angles ߙ, ߚ, ߛ, called the lattice parameters of 
the unit cell [56]. Although various types of both simple and complex crystal geometries exist, this 
introduction will only consider the structures of steel and aluminum, the two materials being 
measured in this study using neutron diffraction. When residual strain is measured in steel, 
diffraction peaks from the BCC phase are used for the strain quantification. Alternatively, when 
measuring aluminum, the diffraction spectra of the FCC phase are used.  
In diffraction, it is necessary to identify each plane within a crystal independently. An index system 
was developed by the crystallographer Miller, appropriately named Miller Indices. Firstly, any point 
within a unit cell (and therefore also the lattice of multiple cells, as the lattice is periodic) can be 




Figure 10: Left, unit cell described by the lattice parameters: scalar lengths ܽ, ܾ, ܿ (along the lattice space unit vectors Ԧܽ, 
ሬܾԦ, Ԧܿ) and angles ߙ, ߚ, ߛ. Right: face-centered cubic (FCC) structure as can be found in aluminum and body-centered 
cubic (BCC) structure as found in steel.  
For example, a point can be uniquely identified within a lattice by the following position vector, ݎԦ: 
 ݎԦ ൌ ݑᇱ Ԧܽ ൅ ݒᇱ ሬܾԦ ൅ ݓ′ Ԧܿ (14) 
where ݑ’, ݒ’, and ݓ’ are scalar lengths and Ԧܽ, ሬܾԦ, and Ԧܿ, the unit cell basis vectors. If the orientation 
of said vector is simply needed (as is common in diffraction), the indices ݑ’, ݒ’, and ݓ’ are converted 
to the lowest integer value, representing a general orientation parallel to the original position vector 
(and the set of all parallel lines). These indices are written in square brackets: ሾݑ’, ݒ’, ݓ’ሿ. Negative 
indices are signified by a bar above the index. Directions related by symmetry are called directions of a 
form such as the four body diagonals of a cube, ሾ1,1,1ሿ, ሾ1, 1ത, 1ሿ, ሾ1ത, 1,1ሿ, and ሾ1ത, 1ത, 1ሿ; this set can 
be represented by 〈1,1,1〉 [55]. 
Conversely, the directions of lattice planes may also be represented in this basis. Miller indices are 
based on the fractional distance of a particular plane’s intercept with the principal axes, Ԧܽ, ሬܾԦ, and Ԧܿ. 
However, if a plane is parallel with a specific axis, the intercept for that index would be infinite. To 
forego this problem, Miller indices are instead defined as the reciprocals of the fractional intercepts that the 












(or orientations) will become important since each orientation contributes a separate peak (or no 
peak) to the diffraction spectrum. The reader is referred to Chapter 2 of Cullity for an in-depth 
geometric treatment of the various lattice planes and corresponding Miller indices in BCC and FCC 
structures [55]. 
Bragg’s Law 
As previously noted, diffraction is a phenomenon based on the constructive/destructive interference 
of waves that become out of phase due to different path lengths traveled when interacting with 
atoms. The geometry of this phenomenon can be clearly defined for the interaction of x-rays with a 
crystalline lattice.2 A schematic experiment with parallel crystal planes ܣ, ܤ, and ܥ with a lattice 
spacing of ݀’	is defined, as shown in Figure 11. A perfectly parallel, monochromatic beam with 
wavelength ߛ is incident on the surface of the crystal lattice, oriented at angle ߠ with respect to the 
crystal plane in question. This angle, ߠ, is called the Bragg angle. When an x-ray beam hits a solid, 
photons interact with the atoms in the lattice and scatter in all directions. However, only certain 
scattered x-rays remain in phase with their peers such that they mutually reinforce (cumulate) their 
amplitudes, resulting in a diffracted beam. Diffraction is therefore not a novel physical phenomenon 
but rather a special case of scattering.  
Figure 11 shows the diffracted planar beam at Bragg angle ߠ. All other x-rays that may have 
scattered in other orientations are ignored for this example. Consider, for example, x-rays 1 and 1ܽ, 
which interact with atoms ܭ and ܲ, respectively. These x-rays will scatter in all directions, but only 
the waves exiting with Bragg angle ߠ are in phase with each other and therefore constructively 
interfere due to their equal path lengths (from ܺܺ’ to ܻܻ’) [55]. By simple trigonometry: 
 ܳܭ െ ܴܲ ൌ ܲܭ cos ߠ െ ܲܭ cos ߠ ൌ 0 (15) 
                                                 





Figure 11: Schematic view of an x-ray beam incident on a crystal plane with layers ܣ, ܤ, ܥ (in a solid, the structure would 
repeat into and out of the page, but the behavior would be identical). The path length is measured from lines ܺܺ’ to ܻܻ’ 
for all waves when considering the Bragg condition. 
Now, consider 1 and 2, where ray 2 is scattered by atom ܮ, which is deeper within the solid. These 
two rays will only reinforce each other (diffract) if and only if the path difference for the two rays 
allows them to remain in phase. The path difference between the two rays is 
 ܯܮ ൅ ܮܰ ൌ ݀′ sin ߠ ൅ ݀′ sin ߠ (16) 
In order for the scattered rays 1′ and 2′ to be completely in phase, this path difference must be 
equal to the wavelength, ߣ, or a scalar multiplier thereof, ݊; the resulting equation is Bragg’s law: 
 ݊	ߣ ൌ 	2݀′ sin ߠ (17) 
Bragg’s law is the fundamental condition that must be met for diffraction to occur, and the scalar 
multiplier, ݊, is called the order of the reflection [60,61]. Therefore, rays 1’ and 2’ are first-order 
reflections (difference in path length by one wavelength) while 1’ and 3’ differ by two wavelengths 
































when compared to all other directions where scattered rays will destructively interfere. However, in 
absolute terms, the diffracted beam is orders of magnitude weaker than the incident beam and can 
only be detected by highly efficient sensors. 
In conclusion, it is useful to remind the reader of the inherent differences between diffraction and 
reflection, especially since the word reflection is also used in diffraction physics in the order of reflection. 
A diffracted beam is made up of many rays that were scattered by atoms within a bulk material while 
reflection of light, for example, takes place on the surface layer of the material only. Diffraction is 
selective and occurs only at the specific angle/wavelength/d-spacing combinations that satisfy Bragg’s 
law while reflection generally takes place at any angle of incidence. Finally, reflection can be almost 
100% efficient – such as by super-reflective mirrors in telescopes – while a diffracted beam’s 
intensity will only be a very small fraction of that of the incident beam [55]. 
Neutron Time-of-Flight Scattering  
X-ray diffraction has historically been a choice method for scientists to quantify material properties 
such as lattice spacing, texture, etc. X-rays have the particular advantage that they can be produced 
in a laboratory environment with reasonable effort and cost. In parallel, increasingly brighter 
synchrotron x-ray sources have also been built over the years, capable of much higher measurement 
speed, penetration, and spatial resolution. However, the production of x-rays is not exclusive to 
large-scale reactors, allowing them to be used in a wide array of portable applications such as, for 
example, inspection of failure-critical welds. 
Neutrons, on the other hand, require either an isotope reactor (e.g. High Flux Isotope Reactor at the 
Oak Ridge National Laboratory) to create a steady-state neutron beam or a particle accelerator and 
spallation target to create a pulsed neutron beam (e.g. Los Alamos Neutron Science Center); 
neutrons from the latter technology will be used in this thesis. Consequently, the employ of neutrons 
in diffraction as a material characterization tool is comparatively young, having only entered 
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widespread use by the scientific community in the 1980s [57]. Neutron diffraction, naturally, 
operates on the same guiding principle of selective scattering (diffraction) per Bragg’s law.  
A pulsed neutron beam is produced as follows [62]. An ion source produces a pulsed beam of 
negatively charged hydrogen ions, H-. These ion packets are subsequently injected into a linear 
accelerator (linac) consisting of an array of normal conducting and liquid helium cooled super-
conducting magnets. The linac accelerates the ion packets to approximately 86% of light speed. If 
the beam is stable, the H- packet is shot through a stripper foil to remove the electrons and the H+ 
ions (protons) are injected into the proton accumulator ring. The accumulator ring subsequently 
sharpens the pulse and accumulates protons in approximately 1200 turns before ejecting the 
resulting a microsecond pulse to the spallation target. Generally, spallation neutron production 
occurs at a frequency at 60 Hz, i.e. 60 proton pulses per second. Each proton packet is then guided 
toward the spallation target, located at the center of the instrument hall (Figure 12). 
 
Figure 12: A spare target in storage at the Oak Ridge National Laboratory Spallation Neutron Source. The tip covered by 
the black protecktive (sic) cover is the actual target into which the proton beam is aimed. The target is essentially a high 




Each proton that hits the nucleus of an Hg atom breaks or spalls off approximately 20 to 30 
neutrons, hence the name spallation neutron source. The kinetic energy of these neutrons is 
subsequently reduced by H2O moderators to produce thermal neutrons with an energy of about 0.025 
eV. This kinetic energy is equivalent to the most probable velocity of a neutron at a temperature of 
17°C (62°F) and therefore a velocity of 2.2 km/s (1.4 mi/sec) per the Maxwell-Boltzmann 
distribution. The moderated neutrons are subsequently guided radially outwards from the spallation 
target to one of the instrument stations (also called experiment, beamline, or flight path) in beam 
tubes. At the end, the beam emerges inside one of the diffractometers, hits a sample, and diffraction 
data is collected in detector banks. 
Neutrons have some significant advantages over x-rays when using a diffractometer to measure bulk 
strain. 1) The penetration depth of neutrons is three orders of magnitude higher than that of x-rays. 
Therefore, bulk strain measurements can be made in materials at depths to the order of centimeters 
(inches). 2) Neutron beams are non-destructive, allowing measurement of materials over long 
periods of time without disturbing the mechanics or chemistry of the material being studied. 3) 
Neutron diffractometers allow the user to readily adjust beam size, allowing a combination of slower 
measurements at high spatial resolution and fast measurements of large bulk areas in rapid 
succession. 4) The technique allows for the measurement of bulk macroscopic elastic engineering 
stress, average phase-specific stress (due to the selectivity of diffraction), and intergranular stress 
[57]. For reference, the attenuation length (݈௨, the length over which beam intensity drops by 63.2%) 
of a 0.0253 eV thermal neutron beam with a wavelength of 1.8 Å is 8.3 mm for Fe and 96 mm for 
Al. 
In time-of-flight diffraction, a detector’s main duty is to quantify the time-of-flight of a scattered 
neutron. The time-of-flight is in turn indicative of the specific crystal orientation by which the 
neutron was scattered as well as the atomic lattice spacing of said orientation. The intricacies of 
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converting the raw diffraction data in atomic lattice spacing ultimately into strain will be discussed in 
each chapter, since much of the measurement strategy depends on the specifics of the experimental 
setup. The measurement time (referred to as the counting time) – a function of the intensity and size of 
the beam, efficiency of the detectors, and attenuation depth – is on the order of minutes to hours 
for each measurement point. Naturally, measurements made with a large beam will result in faster 
counting times, but will provide a scalar average measurement over a larger volume. The averaging 
occurs both over space and time, so a measurement of a dynamic system will again yield an average 
reading over the counting time. Further details regarding measurement strategies are provided in 
Appendix G. An introduction of the two diffractometers used for this thesis is provided here. 
LANL|LANSCE|FP2|SMARTS 
The Spectrometer for Materials research at Temperature and Stress (SMARTS) is a third-generation 
neutron diffractometer located at the former LUJAN Center within the Los Alamos Neutron 
Science Center (LANSCE) at the Los Alamos National Laboratory (LANL). The diffractometer, 
which came online in 2001, was designed specifically to provide spatially resolved strain fields and 
study deformation behaviors of engineering materials under tension/compression and temperatures 
ranging from -73°C (-100°F) to 1800°C (3270°F). The incoming pulsed neutron beam is moderated 
by chilled H2O and capable of accommodating a d-spacing range of 0.5 Å to 4 Å [63]. The shielded 
space in which the diffractometer sits, called the cave (Figure 13), is outfitted with a custom-built 
horizontal dynamic hydraulic Instron load frame capable of 250 kN of tension or compression [64]. 
As shown in Figure 2, there are two detector banks, each consisting of 196 3He filled tubes, located 
1.5 m (59 in) away from the strand, and are oriented ±90° with respect to the incident neutron 
beam. The detectors subtend approximately ±13° in the horizontal and vertical planes, although the 
collimators cover 20° horizontally and 42° vertically. Therefore, the detector limits govern vertically 
and the collimators limits govern horizontally, resulting in final horizontal and vertical acceptance 
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angles of 20° and 26°, respectively. The strand, mounted in the horizontal load frame, is oriented at 
45° to the incident neutron beam. This enables the acquisition of diffracted data from the axial and 
transverse directions simultaneously [65]. 
 
Figure 13: Panoramic view of SMARTS diffractometer cave. The turquoise shielding at the right of the image houses the 
incident beam guide, collimators, and slits. The beige sheets hanging from the ceiling reduce background radiation from 
entering the 3H detector banks. Bank II is visible to the left of the sheets, near the door. The precision motor table is 
partially visible between the incident beam shielding (turquoise panels) and backscatter shielding (beige panels). 
 
Figure 14: Schematic of the SMARTS Diffractometer. The intersection of the incident beam and the acceptance fans of 
the radial collimators define the probe volume. The entire load frame is mounted on a precision translator table and can 
be moved to bring the center of each wire into coincidence with the probe volume. In this schematic, the longitudinal 




The probe volume, i.e. the sample volume scattering into the detectors, is defined by the intersection 
of the incident beam slits and diffracted-beam radial collimators placed in front of each detector 
bank [66]. The dimensions of the incident beam cross-section can be by the incident beam slits both 
vertically and horizontally. Acceptance length is defined by the angular geometry of the collimator fans 
placed in front of each detector bank (Figure 14). Although the neutron beam scatters in all 
directions, the collimators allow only neutrons diffracting from the central probe volume (also called 
the gauge volume or beam volume) to pass through the fans and enter the detector. The beamline is 
outfitted with a choice of collimators with the following acceptance lengths: 0.5, 1, 2, 3, 4 mm (0.24, 
0.47, 0.94, 1.42, 1.89 lines).  
In SMARTS the entire load-frame is mounted on a precision table that permits independent 
translations with 10 μm resolution along two orthogonal axes, ݔ and ݕ, in the plane of loading, and 
along a third axis, ݖ, normal to this plane. During strain measurement – strain mapping in engineering 
diffraction parlance – the sample is translated to bring different regions of interest in alignment with 
the probe volume by using the motorized table. SMARTS is capable of mapping a 1 cm3 (0.061 in3) 
volume under load and temperature in approximately 10 minutes. A 1 mm3 (0.11 line3) volume in a 
10 mm (0.39 in) thick Fe plate can be imaged in approximately 60 minutes. 
ORNL|SNS|BL7|VULCAN 
VULCAN (Figure 15) is a fourth-generation engineering materials diffractometer opened in 2007 as 
Beamline 7 (BL7) at the Oak Ridge National Laboratory’s (ORNL) Spallation Neutron Source (SNS) 
[67]. The VULCAN machine utilizes the standard sample and detector geometries for a biaxial 
strain-measuring diffractometer (Figure 16), with two radially collimated detector banks oriented 
േ90° with respect to the incident neutron beam, subtending in the horizontal and vertical planes 
[68,66]. It is equipped with an MTS axial-torsion universal testing machine (UTM), which is 




Figure 15: View of the exterior of the VULCAN diffractometer cave. 
 
Figure 16: Schematic plan view of the experimental geometry at VULCAN. The central plane that contains the incident 
beam is shown. 
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The tensile axis of the UTM is in the diffractometer plane that contains the incident and diffracted 
beams; the tensile axis is inclined 45° to the incident neutron beam (Figure 16). The UTM has two 
axial-torsion actuators, concentric with the tensile axis, one nested in each end of the load frame. 
Attached to each actuator assembly is a precision collet grip. The UTM is capable of loading a 
sample to 100 kN in tension/compression and simultaneously to 400 Nm in torsion. Rotating the 
two actuators anti-symmetrically (matrix rotation) against a gripped specimen induces torsion in the 
sample. A symmetric rotation of both actuators (offset rotation) results in pure rotational movement of 
the gripped sample around the axial loading axis without inducing any torsion. The probe or gauge 
volume of the diffraction data is the irradiated material region that diffracts neutrons into both 
detector banks. This gauge volume is defined by the incident beam slits, which sets the width and 
height of the incident beam, and the diffracted-beam radial collimators placed in front of each 
detector bank [65]. These radial collimators are aligned to have coincident foci on the incident beam. 
The specific settings of the incident beam and collimators are defined separately for each 
experiment. 
Thesis Structure 
In this thesis, an experimental approach is presented that uses neutron diffraction to quantify the 
internal strain state of suspension bridge cable strands, especially with regard to confinement, 
clamping forces, and bulk strand tension. Samples of 7-wire, 19-wire, and 61-wire strands are 
employed to quantify and parameterize the contributions of friction, mechanical interference, 
clamping, and wire twist to redirect forces from a damaged area in the cable to healthy sections. 
Furthermore, this is the first experimentally measured strain distribution in 19-wire and 61-wire 
strands reported in literature. These results will allow the structural engineering community to 
respond more effectively to mounting challenges facing their aging bridge portfolios. The thesis is 
structured as follows: 
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Chapter 2 uses time-of-flight neutron scattering to perform the first measurements of a steel 7-wire 
strand. The aim of this test series is to quantify the strain pickup (via the Stress Transfer Factor, η) 
of a broken central wire in a 7-wire strand before and after a clamp. This test series serves primarily 
as a validation of the experimental setup with regard to both sample fabrication and neutron beam 
alignment, measurement, and data refinement strategies. These tests, performed at LANL SMARTS, 
quantify the axial strains in a broken wire before and after a steel cable clamp.  
Chapter 3 escalates the complexity of the investigation by introducing 7-wire samples that contain 
weakened wires in various positions. These wires are reduced in cross section and subsequently 
embrittled, causing them to fracture live and in situ while being loaded in tension and measured on 
the LANL SMARTS beamline. 
Chapter 4 addresses the corollary to the previous work and quantifies the transverse strains under a 
clamp in a 19-wire strand. The strains are measured in all 19 wires of the strand in three orthogonal 
directions, under various clamping conditions. The resulting 2D strain distribution provides a unique 
insight into the internal mechanics of parallel wire strands and the factors controlling said strain 




CHAPTER 2. PROOF OF CONCEPT AND METHOD 
DEVELOPMENT FOR IN SITU STRAIN MEASUREMENT IN 7-
WIRE STRANDS 
Abstract 
The test series presented in this chapter validates the feasibility of using neutron diffraction 
techniques for studying the mechanics of civil engineering structural systems, such as parallel wire 
strands. For this study a fixture is incorporated into the LANL SMARTS engineering materials 
beamline to apply tensile loads on a 7-wire parallel strand and measure the elastic strains induced in 
the constituent wires using neutron diffraction. The results suggest that the elastic strains induced 
within each individual wire depend very strongly on the boundary conditions at the grips and on the 
radial clamping forces. Furthermore, the friction force on the wire-to-wire interface is quite 
significant and must be included in analytical and numerical formulations of strain partitioning in 
parallel wire cables. This test series provides the first experimental measurements in literature of the 
actual strain distribution within parallel wire strands. Even more importantly, it provides invaluable 
insight into the intricacies of specimen fabrication and instrumentation. The results indicate that 
ensuring even load partitioning among the individual wires and minimizing plastic flow in the resin-
based socket system requires particular scrutiny in strand fabrication. 
Introduction 
Main cables of suspension bridges are the most critical elements in these structures. These cables are 
made of many thousands of parallel high-strength steel wires, whose diameter is typically about 5 
mm (0.197 in). The core of the cable consists of closely packed galvanized steel wire bundles 
(strands), as shown in Figure 17. Each bundle consists of many parallel steel wires whose count 
depends on the length of the bridge span and therefore the size of the main cables. Each strand is 




Figure 17: Hexagonal wire bundles of a bridge cable (cross section). The inner bundles are closely packed hexagonal 
structures. The shapes of the outer bundles are adjusted to provide a circular perimeter. The outline of a cable clamp is 
shown on the bottom half of the cross section.  
In the case of prefabricated parallel wire strands, the inner strands have hexagonal cross sections to 
optimize the compaction operation. A mid-sized bridge cable, such as the one used in the 
Manhattan Bridge in New York City, can be about 50 cm (20 in) in diameter with about 9,000 wires 
making up its cross section. Larger cables can be approximately 1 m (40 in) in diameter (e.g. the 
Golden Gate Bridge, Verrazano Narrows Bridge, and the George Washington Bridge) and contain 
around 28,000 wires in their cross section.  
Suspension bridge cables are loaded in tension. They transfer the entire weight of the bridge deck 
and any traffic that might be on it – more than several hundred thousand tons – to the suspension 
towers and to anchorages at each end of the bridge. Analysis of load partitioning within such cables 
is a nontrivial problem [69] and poses theoretical [70] and experimental challenges [33,34,53]. The 
cable can be considered a massive fiber composite structure that is loaded in tension in the far field 
(at the anchorages). At a location remote from the ends, the local stress state within any wire 
depends on the far-field stress and the local boundary conditions. These local stress-strain states at 
Cable clamp 
Hexagonal wire strands 
Peripheral wire strands 
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the wire level are very difficult to calculate; the boundary conditions such as the friction coefficient 
at the points of contact, local wire flattening (due to elastic and plastic deformation), and local 
contact area dimensions cannot be easily measured nor estimated. In addition, because of 
deterioration and local manufacturing defects, there may be broken wires within the cable that 
modify the local stress state. In such cases local shear forces induced on the surface between the 
fractured wire and its unbroken neighbors can transfer the axial load to the broken wire at a certain 
distance from the fracture point so that the broken wire can regain its pre-fracture loading condition. 
The development length ሺܮ஽ሻ defines the axial distance from the fracture location over which a broken 
wire takes up its full share of the axial load. This length is analogous to the critical length in shear-lag 
formulations, as pioneered by Volkersen [71] and used in various contact problems since. ܮ஽ 
depends on the local radial forces, contact areas, and the coefficients of friction between the broken 
wire and its immediate neighbors. Empirical estimations of development length have been made 
from measured retractions of broken wires in real bridge cables [8]. Additionally, the transfer length 
has also been evaluated quantitatively [35,40]. However, at the time of this study, there were no 
direct experimental measurements of ܮ஽ for parallel wire strands in the literature beyond the field 
trials made by Steinman on the Williamsburg Bridge [26]. 
In this experiment neutron diffraction is used to measure the partitioning of applied tensile load 
among the individual wires of two sets of standard 7-wire strands. In the first case, Case A, all of the 
wires are continuous between the sockets that transmit the applied tensile load (i.e. there are no 
visible breaks or cracks in any of the wires in the strand, although there certainly are microcracks in 
the wire surfaces). With ideal grips, such a wire strand is expected to have identical elastic strains 
within all wires as the load will be partitioned equally. In the second case, Case B, the center wire of 
the strand is not held by the grips, and load can only be transferred to this wire through shear or 
through mechanical interference within the strand. Custom-designed cable clamps are used on the 
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wire strand to increase the radial confinement (clamping force) and consequently increase the load 
transfer between the wires of the strand.  
The results indicate that the standard conical grips do not provide ideal load partitioning among the 
constituent wires. Upon tensile loading of Strand A, the individual wires comprising the strand 
presented significantly different elastic strains. Results from Strand B showed that friction between 
the individual wires is a significant mode of strain transfer. Even in the fully unclamped case, a 40% 
load transfer to the center wire is observed at the midpoint of Strand B, indicating that the sample 
length [310 mm (12.2 in)] is comparable to the recovery length in this test geometry. Finally, these 
experiments prove that neutron diffraction is an invaluable tool to observe the complex strain 
distribution within wire strands, and thus, for bridge cable and wire rope evaluation. 
Experimental Details 
Strand Preparation 
Two standard 7-wire test strands [33,72] are constructed using 5 mm diameter (0.197 in) galvanized 
A-coat ASTM A586 steel wire, as shown in Table 4 and Table 1. The wires are taken from a 
standard 150 cm (5 ft) diameter reel and exhibited significant curvature. They are used without 
straightening. In the 7-wire strand, the outer six wires are centered at the vertices of a regular 
hexagon, and the seventh wire is located at the center (Figure 18a). The strand ends are inserted into 
conical socket assemblies machined from commercially available universal joints [73].3 
 
                                                 
3 Curtis Universal Joint, Model CJ653, Curtis Universal Joint Company, Springfield, MA. 
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Table 4: Composition of the ASTM A586 hot-rolled wire used in constructing the 7-wire strands. The values shown are 
averages from seven measurements reported by the supplier. 
Element: C Mn P S Si Fe 
% by Mass 0.84 0.77 0.009 0.005 0.22 Balance 
 
Table 5: Selected bulk mechanical properties of the ASTM A586 hot-rolled wire used in constructing the 7-wire strands. 
The values shown are averages from seven measurements reported by the supplier, plus/minus the standard deviations 
[74]. 










Mean ± STD 1231 ± 35 1765 ± 8 6.2 ± 0.9 210 0.3 
ASTM A586 Spec. ≥1103 ≥1517 ≥4.00 - - 
 
 
Figure 18: (a) Scale drawing of the wire bundle cross section; wire diameter is 5 mm (0.197 in). The coordinate system 
used in the experiment is also shown. The dark square within the Near wire depicts the neutron beam cross section. (b) 
Grip configuration for Strand A. The outer wires are broomed out within the central cavity. The central wire is also bent 
to the side, and the wires are then pulled back into the socket before the grip cavity is filled with epoxy. 4 
The socket cavities are truncated cones 40 mm (1.57 in) high, with base and top diameters of 40 mm 
(1.57 in) and 15 mm (0.59 in), respectively. The individual wires are then broomed out (Figure 18b), 
and the sockets filled with a commercially available socket epoxy. In the case of Strand A, all of the 
wires – perimeter and center – are fed into the grips and broomed out. In the case of Strand B, only 
the six perimeter wires are captured in the socket assembly; the central wire terminated at 
approximately 10 mm (4.7 lines) away from the socket assemblies at each end. A short idle wire is 
                                                 




inserted into each socket to compensate for the volume vacated by the central wire and maintain the 
hexagonal packing regime among the wires. The outer wires of Strand B at each end are arc-welded 
to this central stub using flux-core welding wire before they are broomed out. The purpose of the 
welding is to keep the central stub centered and to ensure that all of the wires are under identical 
boundary conditions. The brooming-out process fractured some of the welds; however, there was 
enough constraint to keep the central stubs centered while the cavities are filled with epoxy. This 
procedure yielded a sample (Figure 19) that retains the radius of curvature common in wire deployed 
in parallel wire suspension bridges. Non-straightened wire was chosen, as this configuration is a 
better representation of the mechanics of real bridge cable strands considering contact forces may be 
driven by this inherent residual curvature in the wires. 
 
Figure 19: Completed 7-wire strands exhibiting the global curvature typically found in ASTM A586 suspension bridge 
wire. The Curtis universal joints, modified to act as conical sockets, can be seen on the end of each strand. Small 
stainless steel hose clamps that can be seen on the top specimen serve to maintain the tight hexagonal packing regime in 
the cross section without providing significant confining forces. 
In Situ Loading 
The 7-wire strands are loaded in tension, under load control, on a custom-built horizontal 250 kN 
(56.2 kip) hydraulic load frame that is integrated in the SMARTS neutron diffractometer [63]. 




Figure 20: Crosby G-450 wire rope clamps used to confine the cable section. 
During the experiments the total applied load and the cross-head displacement are recorded. In 
addition, the macroscopic strain in one of the bottom wires of the bundle is monitored through an 
attached extensometer and recorded. The grips and extensometer placement are shown in Figure 21; 
the sample shown is Strand B, identifiable through the two clamps near each end. This sample is 
tested in tightly-clamped, loosely-clamped, and unclamped conditions. In the tightly-clamped case, the nuts of 
the wire clips at each end of the sample are tightened to 135 Nm (100 lb-ft).  
In the loosely-clamped case, these nuts are completely loosened and tapped lightly with a wrench to 
allow the wires to equilibrate in the unclamped condition; tightened to 14 Nm (10 lb-ft) to repack 
the wires; loosened again (but not tapped); and then tightened again to finger tight. In the third case, 
one clamp is completely removed, and the other one is moved close to the center of the bundle, and 
clamped finger-tight; this serves to keep the wires in position. Strand A has no clamps, and is tested 
through a single load cycle. Before the neutron measurements, strands A and B are pre-stressed by 
loading to 350 MPa (50.8 ksi) and then unloading to 50 MPa (7.25 ksi) three times to minimize any 
relaxation and/or rearrangement that might occur in the grips. The next step is the neutron 




Figure 21: Strand B mounted in the load tester of the SMARTS Diffractometer. The neutron beam from the incident slit 
S impinges on the strand directly above the tip of the dial indicator D, at the black mark. The extensometer E is secured 
with rubber bands against a bottom wire. The cable clips, C, at each end, exert clamping forces on the entire wire cross 
section, including the center wire. The center wire ends approximately 10 mm (4.7 lines) before entering the conical grips 
G. The aperture of one of the radial collimators RC is also seen. There are beam-shields on both sides of the RC 
aperture to minimize stray radiation and background. In this figure, the sample table has been lowered below the 
incident slit height to aid visualization. 
Neutron Diffraction Measurements 
A schematic of the SMARTS instrument is shown in Figure 14 to remind the reader. The strand, 
mounted in the horizontal load frame, is oriented at 45° to the incident neutron beam. This enables 
the acquisition of diffracted data from the axial and transverse directions simultaneously [66]. The 
probe volume, i.e., the sample volume scattering into the detectors (Figure 14), is defined by the 
incident beam slits (S in Figure 21) and diffracted-beam radial collimators (RC in Figure 21) placed 
in front of each detector bank [65]. These limit the angular span of the detectors in the horizontal 
plane to approximately 20°. For these measurements, the dimensions of the incident beam cross 
section are 2 ൈ 2	݉݉ଶ, and the radial collimators in front of both detector banks have 2 mm 
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acceptance lengths, enclosing a cuboidal gauge volume of approximately 2 ൈ 2 ൈ 2	݉݉ଷ. Once set, 
this probe volume is invariant with respect to position. 
In SMARTS, the entire load frame is mounted on a precision table that permits independent 
translations, with 10 μm resolution, along two orthogonal axes, ݔ, ݕ, in the plane of loading, and 
along a third axis, ݖ, normal to this plane. During strain mapping the strand is moved by the 
translation stage to bring different regions of interest in coincidence with the probe volume. As 
shown in Figure 18, the axis along the length of the wire bundle is defined as ݕ, the axis normal to 
strand cross section as ݔ, and the axis normal to the load-frame table as ݖ. The position ݔ ൌ 0 mm, 
ݕ ൌ 0 mm, ݖ ൌ 0 mm denotes the center point of the Center wire.  
Using the table translations any region of interest within the wire strand can be brought into the 
probe volume for diffraction measurements. Due to a limited beam budget, the neutron scattering 
was measured only at the centers of the Near, Center, and Far at the sample midpoint, 
ݕ ൌ 0 mm, ݖ ൌ 0 mm. The probe volume placement is verified by doing intensity scans as a 
function of ݔ െ position. As can be inferred from Figure 14: 
- maxima in integrated intensity are expected whenever the probe volume is completely 
contained within a wire; 
- intensity minima are expected whenever the probe is centered between wires. 
Intensity scans were performed with a 1 mm (0.47 lines) step size after each loading step (Figure 22) 
to ensure that wire positions did not shift after loading. In this figure, the centers of the Near, Center, 
and Far wires are at ݔ ൌ 5 mm, 0 mm, and −5 mm, (2.36, 0, and -2.36 lines) respectively. The 
minimum at ݔ ൌ	−2.5 mm (1.18 lines) corresponds to the boundary between the Far and Center 
wires. No noticeable intensity drop could be observed between the Center and Near wires due to low 
scattering intensities. The vertical position of the bundle center (the ݖ values in mm in the legend of 
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Figure 22) is monitored by an electronic dial gage (marked D in Figure 21) at all times. During 
loading the wire bundle straightened, and the ݖ-value changed slightly, causing a shift of the center 
of the bundle cross section with respect to the neutron beam. This shift is compensated by moving 
the sample table up or down in the ݖ direction. Once the sample position is verified at a given load, 
the spallation-neutron scattering patterns in both detector banks are recorded from the center of 
each wire. Typical data set is shown in Figure 23, where the abscissa values (atomic plane spacing) 
correspond to the time-of-flight of neutrons detected by the detector banks [65]. 
 
Figure 22: Intensity vs. position scans of Strand B taken before each loading cycle. Intensity is measured by counting the 
number of neutrons that hit the detectors at each scanning position over a set period of time; the measurement is 
normalized by the total number of neutrons counted during each position scan. The profile is stable over all loads. To 
obtain this data the strand was translated through the probe-volume (Figure 18, Figure 14) in steps of 1 mm (0.94 lines). 
The maxima in the intensity position correspond to the center of the wires. The three vertical lines denote the 
measurement positions for Near, Center, and Far wires. Since the beam is 2 mm (0.94 lines) wide, zero intensity is 
achieved around 9 mm (4.25 lines). Zero intensity was not reached in the negative ݔ direction due to interference 
between the translator and the collimator mounts. The ݖ values shown in the box are the positions of the wire bottom 
measured by the dial indicator (D in Figure 21). The table was moved to compensate for these vertical position changes. 
Exact and identical placement of the neutron beam at each load is critical to ensure the integrity and comparability of 
strain data obtained at various loads. 
 
Incident Neutron Beam Far Near Center
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The peaks in this figure yield the atomic plane spacings, ݀௛௞௟, of particular sets of lattice planes, 
where ݄, ݇, ݈ denote the Miller indices of the diffracting set. Elastic strains will cause these plane 
spacings to change; this is the basis of stress/strain measurements with x-ray or neutron diffraction 
techniques [65]. For relative strain changes, one can either use the variation of individual ݀௛௞௟ with 
applied load, or combine all measured ݀௛௞௟ to calculate ܽ, the lattice parameter of the material. The 
latter process yields better statistics. 
 
Figure 23: A typical time-of-flight neutron scattering pattern. The individual peaks correspond to particular sets of 
atomic planes; the indices of the first seven sets are shown. The total profile is refined to obtain the lattice parameter of 
the material along a given sample direction. 
 
Using Rietveld refinement [75,76] with the Los Alamos GSAS program [77], lattice parameters of 
the BCC ferrite phase of the ASTM A586 wire are obtained in both the axial (loading) and 
transverse directions, ܽ௬ and ܽ௫, respectively. The elastic normal strains along the axial and 
transverse directions, ߝ௬௬ and ߝ௫௫ are then computed as: 
 ࢿ࢏࢏ ൌ ࢇ࢏ିࢇ૙ࢇ૙   (18)
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where ݅ ൌ ݔ or ݕ, and ܽ଴ is the unstressed lattice parameter. The lattice parameter at the initial 
preload serves as the ܽ଴, the reference strain state for the experiment. As a result of this 
approximation, the strains calculated from the lattice parameters are the elastic strains induced by 
the applied load only. No information about the residual elastic strain state in the wires is obtained. 
This approach is justified since the main objective here is to determine the partitioning of the 
applied load between the constituent wires of the test strands. To ensure that the residual strain state 
within the wires did not change, the maximum applied load during the neutron strain measurements 
is kept to induce stresses at 100 MPa (14.5 ksi) below the maximum applied load used in the 
preloading cycles. A comparison of the diffraction profiles and lattice parameters of individual wires 
before and after the final loading cycles yielded no significant changes. 
The error bars for the longitudinal strains, obtained from the GSAS program, are about 20 με for all 
three wires (Figure 24 to Figure 27).5 At the same time, the corresponding error bars – estimated 
standard deviation, ESD, from the Rietveld fitting – for the Far, Center, and Near wires in the 
transverse bank are about 175, 50, and 20 με, respectively. The large errors associated with the 
transverse strain values from the Far wire are due to the significant attenuation of the neutron beam 
due to the long flight path of the beam through the specimen. The total neutron path in this case is 
approximately 45 mm (1.77 in) of steel. In addition, the Poisson strains in the transverse directions are 
only one-third of the longitudinal strains. Thus, for the counting time durations employed, the 
transverse strain data is noisier. Consequently, only the longitudinal strain values are used to study 
the relative load partitioning. 
  
                                                 
5 The GSAS program uses a multivariable optimization algorithm to obtain the best-fit atomic model for a specific 
diffraction spectrum (e.g. Figure 23). The error resulting from the GSAS program is a model fitting error and does not 
reflect global experimental accuracy. The global measurement error is calculated separately. 
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Results and Discussion 
Strand A 
Strand A, with all seven wires captured in the conical grips, is tested first. Variation of the 
longitudinal neutron strains in the Near, Center, and Far wires, and the transverse strains in the Near 
and Center wires are shown in Figure 24. The transverse strain state measured within the Far wire is 
anomalous due to bad counting statistics and could not be analyzed. Qualitatively, the expected 
behavior was observed: expansion of the lattice in the longitudinal direction and contraction in the 
transverse direction. Linear least-squares regression is used to obtain the slopes used in the analysis. 
 
Figure 24: Variation of elastic lattice strain vs. applied load in Strand A. The axial lattice strains from the three central 
wires defined in Figure 18a all increase linearly with applied load. The transverse strains decrease due to Poisson 
coupling. The lines shown simply connect the points to guide the eye. Although error bars are included, they are barely 
visible since fitting errors are at most the size of the data point symbols. 
There is, however, significant variability between the strain states within the individual wires: the 
slopes of best-fit lines to the longitudinal data are 7.1±0.2, 2.7±0.2, and 3.7±0.2 (µ±σ), for the Near, 
Center, and Far wires, respectively. Thus, the central wire carries approximately 0.4× of the load 
carried by the Near wire, and 0.7× of the load carried by the Far wire. This variability appears to 
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stem from the uneven loads exerted by the conical grips. This conclusion is supported by the 
neutron strain vs. load response of Strand B discussed below. 
Strand B 
Tightly-Clamped Condition  
In this case, the nuts on the clamps at the ends of Strand B (C in Figure 21) are tightened to 135 Nm 
(100 lb-ft) before tensile load is applied. Variation of the transverse and longitudinal neutron strains 
in the Far, Center, and Near wires is shown in Figure 25.  
 
Figure 25: Variation elastic of lattice strain vs. applied load in Strand B, loaded in the tightly-clamped condition. Even 
though the Center wire did not go into the grips, the clamps provide sufficient constraint for efficient load transfer to this 
wire. The lines shown simply connect the points to guide the eye. The error bars show the GSAS fitting error for each 
measurement. 
The strain partitioning in this case is more uniform; the slopes of best-fit lines to the axial strain data 
are 3.4±0.2, 4.7±0.2, and 5±0.2, for the Near, Center, and Far wires. The Near wire carries 
approximately 0.7× of the load carried by the Far wire. The central wire, which does not go into the 
grips, carries a load comparable to the Far wire. This load is almost 1.4× the load carried by the Near 
wire, which is captured in the grips. This may be due to the significant radial force provided by the 
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heavily torqued clamps. The wire bundle was bent near these clamps, with resultant mechanical 
interference between the wires in addition to shear loading at surfaces. 
Loosely-Clamped Condition 
In this case, the clamp nuts at the ends of Strand B are loosened and tapped lightly with a wrench to 
allow the wires to equilibrate; tightened to 14 Nm (10 lb-ft) to repack the wires; loosened again and 
then set finger-tight. The applied stress was then cycled between 50 MPa (7.3 ksi) and 350 MPa (51 
ksi) three times to allow the strand to rearrange geometrically under the new clamping condition. 
Neutron lattice strain data was subsequently acquired at 60, 120, 180, 240, and 300 MPa (8.7, 17.4, 
26.1, 34.8, and 43.5 ksi) nominal stress values. Figure 26 shows the axial and transverse neutron 
strains as a function of applied load. 
 
Figure 26: Variation of elastic lattice strain vs. applied load in Strand B, loaded in the loosely-clamped condition. In terms of 
load sharing behavior, there is very little change from the tightly-clamped condition. The lines shown simply connect the 
points to guide the eye. 
Surprisingly, comparison of Figure 25 and Figure 26 shows that loosening the clamp does not 
change the load distribution significantly: the slopes of best-fit lines to the axial strain data are 
3.1±0.2, 4.0±0.1, and 4.8±0.1, for the Near, Center, and Far wires, respectively.  
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The central wire has shed some load, but it is still carrying 1.3× more load than the Near wire.  
The mechanism of load transfer to the central wire in this case is still ambiguous; while the clamping 
load is much smaller, the radial/mechanical constraint imposed by the clamps on the bundle might 
cause the bent ends of the central wire to straighten and slip past its neighbors. Thus, both shear over 
the entire contact surface and mechanical interference mechanisms could contribute to the total load 
transfer. The results show that, once the clamps are loosened, the load carried by the Center wire 
drops by approximately 15%. The Near and Far wires continue to show unequal load partitioning 
with the Far wire carrying approximately 50% more load than the Near wire. This result would 
violate equilibrium if these were the only three wires carrying the total load. However, there are four 
more wires that are captured in the grips; it is likely that the load shed by the central wire is 
distributed over these four wires. 
Unclamped Condition 
To test how much of the strain transfer is due to the friction at the wire boundary, one clamp is 
completely removed, and the second clamp is moved within 5 cm (2 in) of the center (black dot in 
Figure 21) and finger tightened. Thus, relatively insignificant radial compressive forces are applied 
around a single point. Figure 27 shows the variation of transverse and longitudinal neutron strains 
with applied load for this condition. The Center wire has shed 50% of the load it carried in the 
lightly-clamped configuration, while the load carried by the Near wire has gone up by 1.7×. It is 
surprising that the Center wire still carries approximately 0.4× of the load carried by the continuous 
peripheral wires. The slopes of best-fit lines to the axial strain data are 5.2±0.2, 1.9±0.2, and 
4.5±0.2, for the Near, Center, and Far wires, respectively. The load transfer in this case should be 
mainly due to the shear (friction) at the wire boundary. However, there could still be some 





Figure 27: Variation of lattice strain vs. applied load in Strand B, loaded in the unclamped condition. The Center wire, 
which is not captured in the grips, has shed half of the strain in previously carried while the measured strain in the two 
surface wires has increased. The lines shown simply connect the points to guide the eye. 
Shear Lag Model 
The results gained from this experiment series can be used to estimate the development length of 
wires under various clamping (confinement) boundary conditions. Since the force transfer between 
wires is largely a function of friction interaction between two parallel faces, the shear lag model is a 
logical choice to estimate the development length. The shear-lag model was initially developed by 
Timoshenko in 1925 to quantify the stresses of two perfectly bonded materials experiencing internal 
stress and deformation due to thermal expansion coefficient incompatibilities [78]. This formalism 
has since been used to model systems in many fields ranging from cemented joints in structural 
engineering [79] and fibrous materials such as paper [80] to thin films composites in semiconductor 
production [81,82]. The shear-lag model quantifies interface stresses between two abutting bodies 
with thicknesses ݐଵ and ݐଶ by introducing a fictitious thin layer of linear elastic, isotropic material 




Figure 28: Free body diagram of shear-lag model showing the two elastic materials (top and bottom) and the fictitious 
interface layer, which transfers shear forces in-between the top and bottom layers. The top layer is loaded by a far field 
stress ߪ௫ଵ in the ݔ direction while the bottom layer is neither restrained nor loaded externally; ergo, the bottom layer is 
stressed exclusively through the transfer layer. 
By imposing equilibrium, the shear stress in the interface can be solved as a function of the 
displacements of the top and bottom layers, ݑଵሺݔሻ, ݑଶሺݔሻ, respectively; equivalently, the relative 
displacement, ݑሺݔሻ, may also be used [50]: 
 ߬଴ሺݔሻ ൌ ீబ௧బ ሾݑଵሺݔሻ െ ݑଶሺݔሻሿ ൌ
ீబ
௧బ ሾݑሺݔሻሿ (19) 
Murray et al. subsequently developed an approximate solution of the axial stress in the top layer 
[81,82]: 
 ߪ௫ଵሺݔሻ ൎ ߪ଴ଵ ቀ1 െ ୡ୭ୱ୦ሺఉ௫ሻ௖௢௦௛ሺఉ௅ሻቁ (20) 
where ߪ଴ଵ is a constant given in Murray et al. [81,82] and 
 ߙ ൌ ாమாభ ቀ
ଵିఔభమ
ଵିఔమమቁ (21) 
 ߚ ൌ ඨீబ௧బ ቀ
ଵିఔభమ










additionally, ܧ௔ is the Young’s modulus, ݒ௔ is the Poisson’s ratio of layer ܽ where ሺܽ ൌ 1,2ሻ. 
This shear-lag model can be applied to the contact problem of two abutting wires in a bundle (and 













assuming the hyperbolic cosine function dependency on strain transfer with length, the length of the 
wire bundle of 310 mm (12 in) should be comparable to the development (recovery) length, over 
which the elastic strain in a broken wire builds up to the value it carried prior to fracture. Further 
experimental data is required to better quantify the development length; a 2D analysis of the 
confinement forces is presented in Chapter 4. 
Summary and Conclusions 
In this Chapter, two custom designed 7-wire cable strands are loaded in tension by a load frame and 
neutron diffraction is used to measure the resulting longitudinal elastic strains induced within the 
individual wires. The results reveals the load partitioning among these wires and the strain 
distribution.  
The Sample A is a standard 7-wire cable strand with conical grips. The wires are broomed-out 
within the grips and fixed with socket epoxy. This type of grip construction proves to be unable to 
provide uniform load partitioning between the wires; the loads carried by adjacent wires could differ 
by 2.5× at the midpoint of the strand. A better grip configuration with a more even load distribution 
within the wires is required for more quantitative studies. 
In Sample B, the center wire is intentionally terminated 10 mm (4.72 lines) before entering the 
socket assemblies at each end. The sample design ensures that there is no direct load transfer to the 
central wire from the grips; load can only be transferred to this wire from the surrounding six wires 
through friction and/or mechanical constraint at the contact surfaces. The data show that friction 
between wires is a significant mode of strain transfer: The longitudinal elastic strain at 150 mm (6 in) 
away from the broken ends of the central wire of the 7-wire strand is approximately a quarter of the 
elastic strains carried by unbroken outer wires. Clamping the strand loosely at both ends using wire-
rope clamps enhances strain transfer. Such clamping keeps the bundle together and possibly 
increases the mechanical interference and total contact area between the central wire and its 
77 
 
neighbors. In the fully clamped condition, the central wire, which has no direct connection to the 
grips, carries more load than a neighboring wire that is secured in both grips. Thus, clamping can be 
used to enhance strain transfer to broken inner wires in wire cable assemblies. 
The elastic strain partitioning on the cross sections of two 7-wire strands were measured with 
neuron diffraction. Neutron diffraction proves to be an effective non-contact method to map the 
strain state in test strands of parallel-wire suspension bridge cables. In fact, neutron diffraction is, to 
date, the only deeply penetrating non-contact strain measurement technique available in the 
community. The experimental study of friction problems on interior surfaces is often beleaguered by 
the hazard of instrumentation disturbing the mechanism (in this case the parallel wire system in its 
natural hexagonal packing state) being studied. Neutron diffraction foregoes this tradeoff and allows 
for direct measurement of strain inside a parallel wire strand without mechanically penetrating it with 
sensors. To the author’s knowledge, these are the first measurements of their kind. 
In future chapters, further insight is provided into the strain partitioning within strands prepared 
under various boundary conditions. A systematic study of load sharing in wire rope and bridge cable 
assemblies yields valuable data for testing and improving analytical calculations and finite-element 
models [70,83,84,85]. These results also contribute to the evaluation of the load carrying capabilities 
of existing suspension bridge cables, and to the design of new bridge cables. These studies are 




CHAPTER 3. IN SITU FRACTURE AND STRAIN 
RECONFIGURATION IN 7-WIRE STRANDS 
Abstract 
The previous Chapter established the feasibility of using neutron beam diffraction in determining 
the stress state within 7-wire strands. The main criterion for feasibility is the accurate measurement 
of the stress state within the individual wires of the cable under the complex loading conditions 
imposed by the applied tension, contact forces, and physical constraints or confinement (clamping). 
Preliminary results indicate – contrary to common assumption – a non-uniform load partitioning 
among the individual wires, underlining the importance of precise design and construction of the 
sockets to ensure more even load partitioning. Additionally, the previous experiments established 
that the friction forces between the wires cause significant load transfer; this factor has been omitted 
in earlier models in literature when modelling the stress/strain distributions in bridge cables. In this 
Chapter, an improved set of 7-wire strands is fabricated: socketing is refined to provide a more even 
load partitioning and mechanically straightened wire is used to deconvolute the contributions of 
friction and mechanical interference to strain transfer. 
This set of neutron diffraction experiments reveals the load partitioning for three different scenarios: 
(1) with all wires undergoing elastic deformation, (2) where one wire within the bundle undergoes 
plastic flow and, (3) when one or more wires have fractured under tensile load. The results indicate a 
critical point: the mechanical interference and friction mechanisms have similar contributions to the 
load transfer to fractured wires, and both mechanisms should be included in analytical or numerical 
formulations of strain partitioning in parallel wire strands with deviations from perfect hexagonal 
packing. Most importantly, the new strand models include one or more wires that were designed to 
break live and in situ as the strand is under tension and being measured in the neutron beam. This 
controlled fracture is accomplished by notching and subsequently tack-welding individual wires 
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during fabrication, allowing the measurement of a strand’s mechanics in its pristine (un-failed) state, 
as well as immediately after the failure of a single wire, quantifying the stand’s reconfiguration due to 
wire fracture. 
Introduction 
As previously noted, the main cables of a suspension bridge are failure-critical structural members, 
serving as the attachment points for suspender assemblies that transfer the weight of the bridge deck 
to the main cable. Determining the stress partitioning between the constituent strands of a cable and 
between the wires of a given strand is a complicated task with theoretical and experimental 
challenges [4,33,34,53]. Both for laboratory experiments as well as numerical simulations, the 7-wire 
strand has been accepted as the standard reduced model [33,34,53,54]. The simplest 7-wire model is 
the hexagonally packed model, containing only one interior (non-surface) wire. In the previous 
Chapter, neutron diffraction was used to measure elastic strain partitioning in individual wires within 
a standard 7-wire test bundle as a function of applied load [86]. The following points were noted. (1) 
For these short, ≈40 cm (≈16 in) strands – where the wires are captured in conical sockets and held 
together with potting-epoxy – the strain carried by individual wires could vary by a factor of 2.5. In 
this case the strain partitioning between individual wires depends primarily on how uniformly the 
wires are constrained by the conical cable sockets. In conclusion, the standard approach, brooming 
out the wire ends within a conical cavity followed by potting in socket epoxy, does not yield 
adequate grip uniformity. (2) Force transfer via friction at the wire-to-wire contact surfaces is 
substantial, indicating a very short, ≈30 cm (≈12 in), development length with relatively little radial 
confinement.  
In the construction of bridge cables, wires may twist around each other during handling, clamping, 
and assembling of the strands. Figure 29b depicts a simple model of a load-bearing wire with a full 
twist around a short wire segment. Here, twisting introduces further mechanical interference 
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between the wires and impacts the development length. An important objective of this current 
experiment is the observation of load redistribution after in situ fracture of a central wire inside a 
bundle at its far-field loaded state. A wire that fails in situ during loading would be more 
representative of the wire/strand response during actual service conditions than a pre-fractured wire 
segment included in the strand. In addition, strain data within fractured peripheral wires should also 
be recorded to capture the entire 7-wire system. 
In this Chapter, alternative approaches are proposed for manufacturing conical socket assemblies in 
order to achieve a more uniform load distribution on the steel wires in a strand.  
 
Figure 29: (a) Schematic of strain transfer in clamped parallel wires subjected to a far-field load, ܨԦ. The strain is 
transferred to the short wire across shear tractions set-up at the interface. For twisted (mechanically interfering wires), 
there may be additional pinch points, P, at which the wires are locked together. (b) Is an example of one wire twisted 
around another wire, a common defect caused by in situ suspension wire spinning. 
In previous experiments, the weakest point within the bundle was always the socket-wire interface. 
If the strand is overloaded in tension, the shear interface between potting epoxy and wires invariably 
fails, causing the wires to progressively pull out of the potting epoxy volume. Since one of the 
objectives of this experiment is observing in situ failure, a notching-welding procedure is developed 
to ensure that fracture failure occurs at a desired point away from the sockets. This procedure and 
the improved socket fabrication techniques are used to manufacture several 7-wire specimens. These 
are then utilized in the neutron diffraction characterization of load partitioning in strands loaded 
past the in situ wire fracture load for two geometries: (1) where all the wires in the strands are kept 
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parallel by using wire guides, and (2) for load partitioning in strands where there is a slight amount 
of twist along the strand axis. The results show that local fracture within the strand can cause a 
shockwave, which can fracture other (weak) constituent wires. In addition, it is observed that 
mechanical interference and friction effects are comparable in magnitude for stress transfer across 
interfaces for the central wire within the strand. 
Experimental Details 
Specimens 
Three strands are prepared regarding the standard 7-wire test strand geometry [4,33,34,53]. These 
test strands are constructed using 5 mm (0.197 in) diameter, galvanized, A-coat, ASTM A586 steel 
wire, as discussed in detail in the previous Chapter (Table 4). Identical to previous LANL test 
strands, the outer (six) wires of the strands are centered at the vertices of a regular hexagon (Figure 
30). The seventh wire is located at the center. A new naming convention is introduced to facilitate 
easy identification of the individual wires in the cross section. Table 6 provides further details. This 
convention is intuitive and thus retained hereafter for all 7-wire specimens. The wire-specific color 
convention, as shown in Figure 30, is also applied to all figures containing wire-specific data. 
Table 6: Naming convention of individual wires in a 7-wire strand. Each wire is identified by a two letter mnemonic 
(with the exception of the center wire), where the first letter denotes the row (top, center or bottom) within the strand 




C Blue Center wire in strand 
CN Green Center stack wire near incident neutron beam  
CF Cyan Centered stack wire far from incident neutron beam 
TN Red Top cord wire near incident neutron beam 
TF Black Top cord wire far from incident neutron beam 
BN Magenta Bottom cord wire near incident neutron beam 




Figure 30: Schematic of the cross-section of a standard 7-wire strand and the coordinate system for loading experiments 
used in this study. During testing tensile loads are applied along the ݕ axis, which is coincident with the strand axis. The 
highlighted rectangle within the ܥܨ wire is the region from which neutron diffraction data is obtained (to scale). The 
incident neutron beam hits the sample in the ݔ െ ݕ plane. 
To avoid a large scale twisting and pinching along the bundle length, pre-straightened wires, which 
are commercially available only in finite lengths of approximately 6 m (20 ft), are used in strand 
construction. The use of straightened wires simplifies the fabrication procedure considerably, since a 
straight sample can be made with comparatively little effort, as the strand does not have to be 
preloaded in tension to be straightened. Consequently, the specimens exhibit much more even load 
sharing than previous designs. This modification allows an accurate parametric engineering study by 
facilitating a controlled and reduced wire twist and by decoupling the contributions of friction, 
mechanical interference, and macro twist to the development length of the parallel wire system that 
the specimens exhibited in past experiments. The wires have dominant texture, with the [110] 
direction along the extrusion axis, effectively identical to the curved wires as shown in depth in 
Appendix G [87]. 
In specimen S3-I, cylindrical aluminum sleeves are used to ensure that the wires remain parallel over 
the strand length during testing (Figure 31). During fabrication, the wire strand was kept untwisted 
by clamping two Al strips to the two flattened sides of the Al sleeves; these strips were removed 
once the fabrication was complete. In this specimen a pre-notched wire (the notching procedure is 





Figure 31: Strand S3-I installed in the tensile tester of the SMARTS diffractometer. The five cylindrical sleeves ensure 
that peripheral wires remain parallel during loading. The notch in the central wire is located under the black stripe. An 
electronic dial indicator is used to monitor the height of the strand during loading. Macroscopic strain is monitored by 
an LVDT-based strain gauge attached to the specimen with rubber bands. 
In specimens S3-II and S3-III, the aluminum sleeves are excluded to allow only a mild twist in the 
strands. The strands are radially clamped using stainless steel hose clamps; these serve mainly to 
keep the strand intact and cross section stable during assembly and testing. While these clamps keep 
the wires nominally parallel, the outside wires do exhibit very mild twist over the length of the 
strand. In these strands one peripheral (either ܶܰ or ܤܰ, depending on specimen) wire and the 
central (ܥ) wire are pre-notched. For all strands, the gauge length (i.e. length of wires exposed for 
neutron diffraction measurement) between the sockets is approximately 350 mm (14 in). 
Socket Assemblies 
The socket assemblies [73] used in specimen construction are bored out in the shape of a truncated 
cone, 40 mm (1.6 in) high – with base and top diameters of 40 mm (1.6 in) and 15 mm (0.6 in), 
respectively – machined from commercially available universal joints (Figure 32). During assembly 
Al Sleeves 
Notch location 
(on center wire) 
Electronic dial indicator Extensometer 
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of the strand, individual wires are inserted into the conical sockets and then broomed out. In 
previous trials (Chapter 2), the wires were pulled back into the sockets at this point and the sockets 
were then filled with a commercially available socket epoxy. However, these assemblies did not 
provide uniform boundary conditions for the whole strand, so the loads carried by individual wires 
were observed to differ by as much as a factor of 2.5. Here, the fabrication procedure is improved to 
address this problem: after the wires are broomed out within the socket cavity, each broomed-out 
wire end is wrapped with 0.762 mm (0.030 in) thick steel welding wire over at least 40 mm of its 
length within the socket cavity. The ends of these thin wires are fed out of the bottom of the conical 
socket through the interstices between the main wires, Figure 32. 
 
Figure 32: View of rear of socket assembly with the seven wires bent and splayed out radially. The copper-colored steel 
welding wire can be seen wrapped around the entire section. Subsequently, screws will be added to the cavity (Figure 33) 
and the socket cavity filled with potting epoxy. 
Then, several coarse-threaded steel screws, 25 mm (1 in) long, are then inserted between the wires in 
the socket cavity (Figure 33). Once both sockets are prepared in this manner, the specimen is pre-
loaded to 20 kN (4.5 kip) in tension. This operation pulls the screws a few millimeters out of the 
bottom of the conical sockets and creates significant mechanical interference between the wire 
assembly and the conical socket exit. The assembly is then unloaded and the socket cavities are filled 
with socket epoxy to stabilize the elements within the socket. Figure 34 shows a sample load-







Figure 33: (a) Placement of the interference screws with respect to the broomed-out wires within the socket cavity (b) 
Trials have shown that a minimum of three screws are needed. During preloading the screws are drawn into the exit of 
the socket cavity along with the wires and cause mechanical interference. In addition, the sharp (steel) screw edges bite 
into the surface of the surrounding wires and lock them together (b). Softer, brass, screws did not yield good results. For 
clarity the thin steel wire windings and the universal joint linkage are not depicted. Illustration courtesy of Fang Mei. 
 
Figure 34: Load vs. displacement data of a standard 7-wire strand with improved sockets loaded in tension to socket 
failure. The continuous curve depicts the measured data; the dashed line is a linear fit of the central region. The 
mechanical response can be considered linear between 10 and 55 kN (2.5 and 12.4 kip) applied load which correspond 
to approximately 60 – 450 MPa (9 – 65 ksi) nominal tensile stress in each wire. After 55 kN (12.4 kip) applied load, the 
strand progressively pulls out of the epoxy volume. 
The average mechanical response of the strand can be considered linear between ≈10 and 55 kN 
(2.5 and 12.4 kip), corresponding to the range of circa 60 – 450 MPa (9 – 65 ksi) nominal tensile 
stress within each wire. The stiffness of the assembly drops significantly above this load. 
Since the nominal stresses are, still, much lower than the yield point and ultimate tensile stress of the 




slippage. Above 110 kN (24.7 kip) applied tensile load, the wires progressively slip out of the epoxy 
resin, resulting in a progressive pullout failure of the socket-wire assembly, well before the wires 
reach yield stress. 
Wire Notching 
The loading curve in Figure 34 indicates that, in order to ensure socket reliability during the 
experiments, wire fracture within the bundle should occur below 50 kN (11.2 kip) applied load, i.e., 
when each wire carries nominal loads of ≈7 kN (≈1.6 kip). Consequently, to observe wire fracture at 
this load, the wire diameter has to be significantly reduced. To achieve this reduced strength, the 
central wire is notched using a 0.5 mm (0.020 in) thick Buehler diamond wafering blade. During 
initial testing wire segments are notched with 2 to 3.5 mm (0.078 to 0.138 in) deep grooves normal 
to the wire axis, Figure 35b. Tensile testing showed that these notched wires exhibited brittle 
fracture at the notch location between 200 and 500 MPa (29.0 and 72.5 ksi) applied nominal stress, 
(nominal stress assumes full cross section). While this value is acceptable, the as-notched wires 
fractured prematurely during the bundle assembly, mainly in the brooming-out step. This problem 
was overcome by removing the zinc coating around the notch using a 37% hydrochloric acid (HCl) 
solution, and then spot welding the notch with a MIG welder using flux-core carbon-steel wire 
(Figure 35b). Although the notched and welded wires did not have significantly higher fracture 
strengths, they survived assembly operations. Figure 35a shows the stress/strain curves for four 
notched and welded wires tested to failure under tension. Brittle failure is observed in all four cases 
with mean fracture stress and strain values of 399±25 MPa (57.9±3.6 ksi) and 0.18±0.02% 
respectively. The corresponding values for a virgin wire are approximately 1.7 GPa (246.6 ksi) and 
5.5%. In summary, introducing a notch and subsequently welding said notch reduces its mean 





Figure 35: (a) Stress vs. strain response of four independently tested notched and welded wire segments. All four 
segments exhibited brittle fracture below 450 MPa tensile stress. (b) Single wire after notching using a wafering blade. (c) 
Finished product: notched wire filled with steel, using a MIG welder with E71T-GS flux core welding wire. 
Neutron Diffraction Strain Measurements 
The strands are loaded in tension, under load control, on the SMARTS load frame; a schematic of 
the instrument is shown in (Figure 14) [64,66]. As shown in Figure 30, the ݕ axis is defined as the 
axis along the length of the wire bundle; the plane in which the incident beam hits the sample is 
formed by the ݔ and ݕ axes where the ݖ axis is normal to the instrument table and floor. The 
position ݔ ൌ 0, ݕ ൌ 0, ݖ ൌ 0 denotes the center point of the ܥ wire. Further details pertaining to 
the SMARTS instrument can be found in Chapter 1. 
The probe volume, i.e. the sample volume scattering into the detectors, is defined by the intersection 
of the incident beam slits and diffracted-beam radial collimators placed in front of each detector 
bank [65]. In the current test setup, the dimensions of the incident beam cross-section are 2×2 mm2, 
and the radial collimators in front of both detector banks have 2 mm acceptance lengths. The probe 
volume position is verified by performing intensity scans as a function of position; further details of 





As with the previous test series, an intensity scan with a 1 mm step size is performed after each load 
step to ensure that no shifting of the wire positions with load occurred. The vertical position of the 
bundle center is also monitored by an electronic dial gauge (Figure 31) at all times. The wire center 
positions in ݔ did not change with loading and unloading, indicating that there was no untwisting in 
the strand with applied load throughout the entirety of the run. 
Once the positions of the wire centers are verified at a given load, the spallation-neutron scattering 
patterns in both detector banks are recorded from the center of each wire. Rietveld refinement 
[75,76] with the Los Alamos GSAS program [77] is again used to fit the correct crystallographic 
model to the measured data (Figure 36a), from which the lattice parameters of the BCC ferrite phase 
of the ASTM A586 wire are obtained. For all strain calculations in this experiment series, ܽ଴ is 
defined as the lattice parameter at zero load. The resulting relative neutron strains, ߝ௬௬, calculated from 
the lattice parameters are the elastic strains induced by the applied load only; no information about 
the residual elastic strain state in the wires is obtained. Only the longitudinal strain values at the wire 
centers are considered for the study of relative load partitioning. 
The error bars for the longitudinal strains, obtained from the GSAS program, are between 20 and 
100 microstrain for all wires [88]. In the previous Chapter the transverse strains were also 
determined and, as expected, were given by the product of Poisson’s ratio and the axial strains, 
providing no significant additional information [86]. For a given wire, the variation of the elastic 
strain in the ferrite phase along the wire axis, ߝ௬௬, as a function of the applied load, డఌ೤೤డఙಲ , is used to 
determine the fraction of applied load carried by the wire; ߪ஺ is the effective axial stress resulting from 
the applied tensile load. The effective axial stress, is evaluated by dividing the tension load of the 





Figure 36: (a) Typical neutron diffraction data (neutron detector counts over an arbitrary counting time vs. d-spacing) 
obtained from the ferrite phase of the pearlitic steel wires. Only half of the measured and analyzed points are included 
for clarity (black), the refined profile (blue), and the difference between the measured and the refined profiles (red). The 
difference values have been offset by −80 counts to aid visualization. The indexed peaks are used to calculate the 
average lattice parameter. (b) Microstructure of ASTM A586 wire used in the experiments. A typical pearlitic 
microstructure with ferrite and carbide phases is observed. (SEM Micrograph, 8,000× magnification; scale bar is 2 μm 
(0.00008 in), courtesy of Tzu-Cheng Hsu and Yu-Min Peng). 
The partial differential 
డఌ೤೤
డఙಲ  is only used as a relative measure of the load uptake between identical 
wires loaded simultaneously, in parallel, from a common set of sockets in the elastic regime. If all 
other parameters are equal 
డఌ೤೤
డఙಲ  should be identical in all wires [89,90,91,92].  
ASTM A586 is a pearlitic steel with ferrite and iron carbide phases (Figure 36b). Because of the 
difference in the mechanical parameters of the phases, the fraction of the load carried by the 
different phases will be different. However, assuming the microstructure to be invariant during the 
experiment – this is a reasonable assumption for the elastically loaded wires – the fraction of load 
carried by any one phase should be independent of applied load. Therefore, variations in 
డఌ೤೤
డఙಲ  can be 
ascribed to changes in the configuration of the sockets or to fracture within the system. The 




are used in the Rietveld averaging, and there are no configurational or extrinsic variations in the 
system under load, 
డఌ೤೤
డఙಲ  should be equal to the macroscopic Young’s modulus for the material. 
Experimental Results 
Single Wire Fracture: Strand S3-I 
The first tested sample, strand S3-I, has one weakened wire in the center (ܥ) position, equidistant 
from both sockets. This strand has five aluminum guide rings to prevent bulk twist along the ݕ axis 
as well as keep the individual wires hexagonally packed (Figure 31). Neutron data were obtained 
from all seven wires as a function of applied load past the point of fracture of the central (notched) 
wire. The strand was then unloaded and re-loaded in a stepwise fashion; for these steps neutron data 
was acquired from two wires only. At all load steps the incident neutron probe volume was centered 
within each wire; the locus of the measurement positions was the cross-sectional plane displaced 25 
mm (1.0 in) away from the notch towards the left strand socket (Figure 31). This displacement was 
necessary to avoid the heat-affected zone created by spot welding. The elastic-strain vs. applied 
stress data from all wires of strand S3-I over the loading range are shown in Figure 37a.  
To check the precision of the data, strain measurements were repeated in each wire of Strand S3-I at 
225 MPa (32.6 ksi) applied load. The scatter in the data for all wires is quite close to the error 
calculated by the GSAS program. These data can be separated into three ranges. Range I: loads 
between 0 and 120 MPa (0 and 17.4 ksi), all wires exhibit nominally the same linear elastic stress-
strain behavior, indicating that each wire carries approximately 1/7th of the applied load. 
Consequently, in this load range, the re-engineered socket assemblies impose uniform constraint on 
all seven wires. Range II: between 120 MPa and 350 MPa (17.4 and 50.8 ksi), the stress-strain 
response of the perimeter wires is identical to the trends observed in Range I. The neutron strain vs. 
load response of the pre-notched center wire, however, becomes quasi-parabolic and the elastic 
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strain in the central wire is lower than the strains of the peripheral wires at all loads. These 
observations indicate plastic flow in the heat-affected zone near the notch of the center wire. 
 
Figure 37: (a) Uniaxial strain-stress data for all wires of strand S3-I during initial loading. In Range I the stress/strain 
response of all wires is equivalent. In Range II the pre-notched center (ܥ) wire response indicates yielding and 
subsequent cracking. After the elastic strain in the ܥ and ܶܨ were measured at 400 MPa (58.0 ksi), ܥ fractured. 
Consequently, Range III for these wires is above 400 MPa (58.0 ksi). The two data points in the traces for all wires at 
225 MPa (32.6 ksi) nominal stress are repeated measurements. (b) Uniaxial strain-stress data for wires ܶܰ and ܥ of 
strand S3-I during unloading and re-loading. Strain transfer to the fractured center wire is due to frictional constraint. 
The stress values plotted are calculated using the actual load-bearing cross-sectional area of the strand. A typical error 
bar is shown on the lower right quadrant of the figure. 
If this were a socket problem, the wire could not be pulled to fracture. After the strand is loaded to 
400 MPa (58.0 ksi), elastic strains are measured in the ܥ and the ܶܨ wires. However, as the strand 
translated to measure the next position, the ܥ wire fractured. Thus, the strain data at 400 MPa (58.0 
ksi) has two subsets: (1) the strain values for the ܥ and ܶܨ wires correspond to the nominal stress, 
400 MPa (58.0 ksi), acting on the overall strand cross-section; and (2) the remaining five wires were 
measured after the center wire fractured. Therefore, since the strand cross-section had decreased to 
6/7th of the original cross section, each wire carries a higher nominal stress. This is reflected in the 
steeper slopes of the line segments connecting the respective neutron strain values at 350 and 400 
MPa (50.8 and 58.0 ksi) nominal strand loads. After the measurements at 400 MPa (58.0 ksi) were 
completed, the strand was loaded in three more steps to a final (nominal) stress of 530 MPa (76.9 
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ksi).6 After fracture the measured elastic strain in the central wire is low compression (approximately 
−450 με). This value does not change with further loading, indicating that, in this post-fracture range 
(Range III), there was no strain transfer to the center wire during further loading. The slopes of 
linear regression lines fitted to the strain-load data shown in Figure 37a are listed in Table 7. The 
stiffness modulus obtained from the average slope of the “applied stress-neutron strain data” of the 
six outer wires in Range I is 195±16 GPa (28,300±2,300ksi). This value agrees, within experimental 
error, with the values of the Young’s modulus shown in (Table 4), confirming uniform load 
distribution at the sockets and generally validating the accuracy of the neutron strain data.  
Table 7: Slopes of regression lines fitted to the ranges shown in Figure 37a. The numbers in the plus/minus range 
correspond to one standard deviation for the average slopes of the six perimeter wires and to the regression fit-error for 
the center wire values. 
Load Range Range I: Elastic Range II: Plastic Range III: Post-Failure 
Perimeter Wires 5.12±0.34 4.81±0.33 5.80±0.64 
Center Wire 4.75±0.58 1.19±0.29 -0.37±0.47 
 
This also shows that the strain calculated through the Rietveld procedure is equivalent to the average 
macroscopic elastic strain. After fracture the average stiffness modulus for the outer wires calculated 
from the data in Figure 37a drops to 172±30 GPa. However, if post-fracture slope of the perimeter 
wires is corrected for the loss of the center wire, this value increases to 201±30 GPa, indicating that 
the load redistribution is properly captured in the data. During unloading and re-loading, in order to 
save experimental time, neutron data was recorded from ܶܰ and ܥ wires only. The elastic strains 
calculated from these data are plotted in Figure 37b. The unloading trace for the intact ܶܰ wire 
shows the expected decrease in tensile strain with decreasing load. The slope of a least squares line 
fitted to these points is 4.6±0.1. The strain within the (fractured) central wire becomes more 
                                                 
6 The actual stress on the unbroken strands, assuming equal load sharing, is approximately 620 MPa (89.9 ksi) if the 
actual loadbearing cross-section is used. 
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compressive with decreasing tensile load on the strand. This indicates frictional constraint of the 
central wire by the surrounding wires. As the surrounding peripheral wires become shorter during 
unloading, they also cause shortening in the central wire through frictional tractions formed at the 
contact surfaces. Such constraint can also account for the compressive residual strain observed in 
the central wire after fracture. Due to the rapid, dynamic, contraction, the broken wire segment 
shrinks past the zero strain level and the friction of the stationary surrounding wires prevents it from 
lengthening subsequently to reach zero strain. The fraction of this strain transfer, obtained from the 
ratio of the slopes of the neutron strain vs. applied stress profiles during unloading is approximately 
20%. Similar results were obtained when guide-rings were removed and the strand was again loaded 
to 620 MPa (89.9 ksi) tension. This value is calculated from the applied load with the actual cross-
section for six wires. The strain transfer ratio was again approximately 20%. 
Double Wire Fracture 
Strand S3-II 
This strand contained two notched wires, in the ܥ (center) and ܶܰ (top-near) positions. The notch 
in the center wire is 0.5 mm (0.02 in) deeper than the notch of the peripheral wire; this was intended 
to cause controlled sequential fracture of the wires during loading. The S3-II strand was radially 
constrained by three 1 in (25.4 mm) diameter stainless steel hose clamps. Aluminum guide rings 
were not used and the strand exhibited a small amount of twist (a few degrees) from socket to 
socket. Neutron data were obtained from four wires: ܶܨ, ܶܰ, ܥ and ܥܰ, as a function of applied 
load. The variation of measured strains vs. applied (nominal) stress for specimen S3-II is shown in 
Figure 38a. There is a wider spread of load sharing between these four wires; in particular the wire in 




Figure 38: (a) Uniaxial strain-stress data for selected wires of strand S3-II during initial loading. In this strand the wires at 
ܥ and ܶܰ positions were pre-notched and welded. Both of these wires fractured simultaneously at 220 MPa (31.9 ksi) 
applied tensile stress. After this point, the nominal stress values in the intact wires must be multiplied by 7/5 to account 
for the loss of load-bearing area. (b) Uniaxial strain-stress data for selected wires of strand S3-II during reloading after 
fracture of the wires at positions ܥ and ܶܰ. The stress values were calculated using the actual load-bearing area of the 
strand. 
This behavior is similar to that observed in Chapter 2 and indicates uneven socket performance. For 
this strand each socket had only two interference screws, while strands S3-I, S3-III had three screws 
in each socket. The notched wire at the ܶܰ position exhibited non-linearity after 150 MPa (21.8 ksi) 
applied stress, similar to the behavior of wire ܥ in Strand 3-I; the other three wires maintained linear 
stress-strain behavior.  
At 220 MPa (31.9 ksi) nominal stress both pre-notched wires failed simultaneously despite the 
significant difference in their load bearing cross-sections. It is possible that the sudden load pulse 
induced by the fracture of the center wire initiated fracture in the notched wire at the strand 
periphery. After fracture the strand was further loaded in two steps to 350 MPa (50.8 ksi) nominal 
applied stress – the actual stress values are higher in this case since the load bearing cross-section has 
decreased by ≈30% (2/7) – and the elastic strains in all four wires were measured. In this range the 
unbroken wires, ܶܨ and ܶܰ, exhibited elastic behavior. The fractured wires, on the other hand, did 




wires over a larger load range, the strand was unloaded and re-loaded back to 350 MPa (50.8 ksi) in 
four steps while the neutron strains in the same four wires were monitored. These data are shown in 
Figure 38b. The slopes of the best-fit lines to the data from the unbroken wires, ܶܨ and ܶܰ, are 
5.96±0.2 and 5.45±0.1 respectively. The corresponding slopes from the fractured wires ܥ and ܶܰ 
are 1.87±0.1 and 0.007±0.1. Thus, the center wire, ܥ, carries approximately 30% of the elastic load 
carried by the unbroken wires. It is seen that, even though one of the exterior wires (ܶܰ) is also 
broken, the remaining five wires have enough interference with the center wire for efficient load 
transfer. On the other hand, the exterior fractured wire, ܶܰ, carries no load. This is expected since 
there is negligible radial constraint coupling it to the rest of the strand. 
Strand S3-III 
This strand contained notched-and-welded wires in the ܥ and ܤܰ positions; it is similar to Strand 
S3-II in other aspects. During the experiment elastic strain vs. load data from three un-notched 
wires: ܶܨ, ܶܰ, ܥܰ and the central (notched and welded) wire were measured (Figure 39a). During 
loading all measured wires carried almost identical loads, indicating a high quality of socketing with 
good load partitioning among the constituent wires. At approximately 375 MPa (54.4 ksi) both wires 
fractured simultaneously even though the wire at the BN location had 50% more load-bearing area 
than the center wire. The dynamic load increase due to the fracture of one wire seems to have 
induced fracture in the other defective wire. After fracture, the strain in the center wire did not drop 
to zero, but stabilized at 860 με; the broken wire was kept under tension by the surrounding wires. 
During unloading this strain dropped monotonically with applied load to approximately zero. The 
strand was then reloaded in five steps to 50 kN (11.2 kip), as shown in Figure 39b. The re-loading 
data is displaced slightly higher from the unloading data. However, the unloading and re-loading 




Figure 39: (a) Uniaxial strain-stress data for selected wires of strand S3-III during initial loading. In this strand the wires 
at ܥ and ܤܰ positions were pre-notched and welded. Both of these wires fractured simultaneously at 375 MPa (54.4 ksi) 
applied tensile stress. After this point, the nominal stress values in the intact wires must be multiplied by 7/5 to account 
for the loss of load-bearing area. (b) Uniaxial strain-stress data for selected wires of strand S3-II during unloading and 
reloading after fracture of the wires at positions ܥ and ܤܰ. The arrows on the traces indicate the direction of loading. 
The stress values were calculated using the gross load-bearing area of the strand to facilitate comparison with Figure 39a. 
The stress transfer factor (ߟ), calculated from the slopes of least-square lines fitted to the stress-
strain data from the broken and unbroken wires is 0.33±0.05. 
Discussion and Conclusions 
Strand Construction 
The elastic response regions of Figure 37 and Figure 39 show that the improved socket fabrication 
procedure yields a more uniform elastic strain distribution within a standard 7-wire strand than 
simply brooming-out and potting the wires in socket epoxy. For strands S3-I and S3-III (Figure 37a 
and Figure 39a) the fraction of total load carried by any wire was within 30% of the expected, ideal, 
load fraction based on wire cross-sectional area. However, for all specimens, load partitioning 
became more non-uniform with increasing load. Such non-uniformity can be due to plastic flow 
within the wires, damage within the sockets, or gross geometrical rearrangement within the strand 




after each loading step indicated that the wire center positions were unchanged during loading and 
unloading. The shape of the neutron strain vs. load traces can be used to differentiate socket failure 
from plastic flow: if plastic flow starts to occur in a weak spot, such as in the heat-affected zone next 
to a notched-welded defect, the linear strain vs. load plot changes to concave-down parabolic and 
saturates, followed by fracture (Wires S3-I-C; S3-II-TN). If a given wire is not held firmly in the 
sockets, it carries lower elastic load compared to well-gripped wires from the beginning of the 
experiment. Its neutron strain vs. applied stress trace, however, is generally linear after initial load 
take-up and, if another wire within the strand breaks, part of the load shed by the fractured wire is 
picked up by the weakly-gripped wire (Wire S3-II-CN; also see Chapter 2 for badly gripped wires vs. 
firmly clamped wires). Grip non-uniformity at higher loads is manifested through the divergence of 
the elastic strain carried by the individual wires (Wires ܶܨ and ܥܰ for S3-II, Figure 38b; all 
peripheral wires for S3-I, Figure 37a). 
There still exists no parametric data on the effect of wire unlaying (untwisting) during tensile 
loading, not observed in this series of strands. If the strand is allowed to twist in a direction opposite 
to its lay (unlay), the wires would elongate and all would shed load depending on their particular 
configuration. Unlaying of a single wire within a nominally parallel strand will be geometrically 
hindered by the neighboring wires if the entire strand is clamped in multiple places. 
In conclusion, mechanical interference within the socket cavity is an acceptable means of making 
better sockets, especially for lower applied stresses. However, enough interference elements (i.e. 
screws and welding wire) must be used so that all wires are locked together (Figure 33). If the 
sockets are not uniform, separating the effects of various mechanisms that can cause load shedding 
in individual wires becomes complicated. The notching-and-welding procedure used in this work to 
create reproducible defects (which initiate brittle-fracture), was successful in generating multiple live 
in situ fractures. However, two separate notched wires with vastly different design capacities 
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fractured at the same tensile load, the stronger wire. This double fracture was likely triggered by the 
shock wave of the weaker wire as well as the additional load picked up from the initially fractured 
wire. Individual wire segments tested during the development stage and wires S3-II-C, S3-III-C 
tested in SMARTS failed with brittle fracture. In contrast, wires S3-I-C and S3II-TN exhibited 
plastic flow prior to failure, as indicated by the saturation of elastic strains in these wires and 
followed by fracture. Better control the welding process and the associated microstructural changes 
in the notched-welded wires should be studied in further detail. 
Load Partitioning after In Situ Fracture 
The data indicate that the post-failure elastic strain state of a fractured wire depends on its local 
boundary conditions. After fracture, the axial strains, ߝ௬௬, of the (pre-notched) center wires for 
specimen S3-III, II, and I were 860, 290, and −258 με respectively. The variation of ߝ௬௬ with load 
after fracture depended on the mode of loading. Further reloading immediately after fracture 
produced little additional load uptake (Figure 37a and Figure 38a), while during unloading and then 
re-loading, ߝ௬௬ in the fractured wires in the center positions of all three specimens showed a clear 
load dependence (Figure 37b, Figure 38b, and Figure 39b). The decrease in the stress transfer factor, 
ߟ, at the higher tensile loads can be ascribed to the Poisson contraction of the wires during tensile 
loading. Using 0.30 for the Poisson’s ratio, the radial strain in a given wire at 400 MPa nominal 
tensile stress would be −0.00060. For a 10 mm (0.39 in) wide cross section (two wire diameters, 
Figure 30), this would yield a net contraction of 6 μm (0.24 mil). Thus, for perfectly parallel wires, 
the frictional stress transfer would tend to zero at a critical tensile load. Any twisting in the wires 
constrained by radial clamping would force the wires together at some points and minimize such 
effects. The importance of even minimal twisting can be seen by comparing the ߟ of strands S3-I, 
which used aluminum guide rings to keep the wires parallel, and those of strands S3-II, III where the 
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wires were radially constrained by simple hose clamps. For both S3-II and III ߟ ൒ 0.3 (similar to the 
results shown in Chapter 2) while the corresponding value for S3-I was approximately 0.2. 
Consequently, local mechanical interference for nominally parallel wires has the same order of 
magnitude influence on load transfer from intact to broken wires as friction. If lubricants are used to 
hinder corrosion, they can also influence the load partitioning within a cable by modifying the 
stiction/friction coefficients. Consequently, these effects should also be included in finite element 
models that take friction into account [50]. In standard 7-wire strands, boundary wires have no 
frictional or mechanical interference constrains and do not carry any load after fracture (Figure 38b). 
In summary, local boundary conditions dominate the mechanism of stress transfer from intact to 
broken wires in parallel wire suspension bridge cables. Consequently, strands with uniform 
mechanical response to applied loads are required to separate possible load-shedding and stress-
transfer effects. 7-wire parallel strands contain only one internal wire at the center (ܥ) position and 
may not be adequate for supplying all of the experimental input required for building comprehensive 
numerical models. The obvious recommendation is the use of larger wire bundles coupled with 
neutron diffraction measurements of the internal stress/strain distributions for model testing and 
verification; results thereof are reported in Chapter 4. 
Addendum 
Appendices A and D present an evolution of the work from Chapters 2 and 3 with the introduction 
of custom-designed aluminum clamps. The aluminum clamps lower beam attenuation considerably, 
allowing the incident and diffracted neutron beams to penetrate with negligible attenuation, 
permitting strain mapping both in the vicinity as well as under the clamp. The first position-resolved 
1D axial strain measurements along the length of a 7-wire strand are presented. These measurements 
provide an insight into the strain in individual wires under a clamp as well as the development length 
of fractured wires. The initial set of measurements of this series are made at LANL SMARTS, as 
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detailed in the experiment report in Appendix A. A second set takes advantage of the ORNL 
VULCAN beamline’s larger sample capacity (longer sample length) and considerably higher neutron 
beam flux, allowing for a much higher number of measurement points. However, the first set of 
experiments at ORNL VULCAN was not successful, as outlined in Appendix B. Various 
modifications were made to the beamline’s UTM and ancillary equipment by the author (Appendix 
C), allowing for a successful experiment to be carried out, as detailed in Appendix D. A final 
experiment is planned to conclude this test series and complete this data set for publication. At this 
time, a beamtime allocation has been approved and should be scheduled shortly. 
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CHAPTER 4. PARTITIONING OF CLAMPING STRAINS IN A 
NINETEEN PARALLEL WIRE STRAND 
Abstract 
After quantifying the development length in 7-wire specimens as a function of friction, mechanical 
interference, thus most centrally the amount of confinement force inside a cable, it became readily 
apparent that the confinement force distribution is not well-defined for parallel wire cables. The 
internal mechanics of suspension bridge cables and similar structures are not yet well understood. 
The industry therefore indulges in broad assumptions such as prescribed mean-field stress 
distributions that describe the internal cable mechanics as those of a continuous monolithic metallic 
solid rather than a multi-body contact problem. Quite obviously, the amount of clamping on a wire 
strand and resultant confinement forces present in each wire is a major factor in the development 
length and therefore a bridge cable’s ability to maintain its structural fidelity in the presence of wire 
breaks. This chapter aims to shed light on this critical topic by reporting the first direct 
measurements of strains within individual wires of a 19 parallel wire strand constrained by a 
clamshell clamp. Neutron diffraction is used to measure the elastic strains along the three 
orthogonal axes across the strand cross-section underneath the clamp for all of the individual wires 
for various clamping loads while the strand is under tension. The results reveal that, while, for all 
clamping loads, the clamping strains within individual wires are heterogeneously distributed, 
increasing the clamping force significantly decreases the strain heterogeneity. In contrast, no strain 
heterogeneity is observed in a rigorous companion finite-element model of the strand unless 
dimensional variations in the wire diameters are introduced. These findings are in agreement with 
the hypothesis by Gjelsvik, which states that, within a parallel wire bridge cable, local variations in 





Bridge Cable Mechanics 
Over the years many theoretical and experimental studies have tried to address the problem of load 
partitioning between wires and strands of a parallel wire cable, as discussed in detail in Chapter 1. In 
Chapters 2 and 3 [86,93], deeply-penetrating neutron diffraction techniques are used to measure 
strains in all wires of 7-wire strands with intact as well as with fractured central wires. The results 
show that a single broken wire within the bundle – the center wire for a 7-wire strand – may regain 
up to 85% of its original service load in as little as 10 cm distance from the wire break if the wire is 
sufficiently laterally confined (i.e. compacted, clamped). This distance is two orders of magnitude 
lower than the common assumption used in current numerical models in literature. It is also 
observed that the strain transfer development length depends very strongly on the magnitude of 
confinement (the amount of clamping) of the cross-section. In the same set of experiments, it is 
seen that, of the six surface wires (with no radial constraint), the one which fractured in situ shed its 
share of applied load completely. 
In the literature there is a paucity of articles on the spatial distribution of externally-applied radial 
forces (caused by cable bands or wrapping wire) within the components of multi-wire strands. As 
discussed in Chapter 1, Gjelsvik performed a seminal quasi-empirical analysis of the overall forces in 
a parallel wire cable using classical continuum mechanics, specifically the Hertzian contact theory, 
and sound engineering judgment [35]. In his derivation Gjelsvik provided upper bounds for the 
global confinement forces created by both the wrapping wire (802 kN/m or 55.0 kip/ft) and the 
cable bands (774 kN/m 53 kip/ft) by assuming that the bolts and wrapping wire are both at plastic 
yield conditions for the cable band and net cable sections, respectively. Gjelsvik further noted that 
dimensional variations – slight diameter differences between wires – could dominate the internal 
mechanics of a strand. The under-sizing of a single wire by as little as 3 μm (0.12 mil) would eliminate 
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all force transfer between this wire and its neighbors, rendering that wire free in the hexagonal packing 
regime [35]. As noted in Chapter 1, Gjelsvik’s work was expanded by Raoof and Huang [38], who 
provided an alternate solution that yielded a considerably higher free wire dimensional deviation of 17 
μm (0.67 mil). Neither of these claims have been validated experimentally.  
Finite element models used to model the contact mechanics of cable systems generally take a mean-
field solution approach to forego computationally intensive calculations and divergence problems 
inherent in multi-element numerical contact mechanics models with a large number of contact 
surfaces [50,51]. Since an average sized suspension bridge cable with 9,000 wires will have upwards 
of 53,000 wire-to-wire contact surfaces, their contact behavior is highly coupled to their neighbors, 
introducing a strong potential for divergence of FEM model solutions. The computational cost of 
such complicated multi-body numerical models and the hazard of divergence of the solution are the 
main motivations behind using simplified models with prescribed stress fields. A popular choice for 
this simplification is the Boussinesq solution for a point force acting on an infinite half-space 
[36,94]. If a concentrated force oriented in the ݖԦ direction acts on an infinite half-space truncated by 
the ݔԦ െ ݕԦ plane (and therefore normal to ݖԦ), Timoshenko et al. provide the following closed-form 
solution for the stress distribution in ݖԦ for the infinite half-space, equation (23): 





where ܲ ൌ applied load; ݎ ൌ distance in the ݔ െ ݕ plane from the force and ݖ ൌ depth at the point 
of interest at which the stress is computed. The Boussinesq solution can be an alternative to a 
numerical solution to prescribe the confinement force distribution in the cable cross-section. It 
simplifies the parallel wire multibody system to a continuous, homogeneous, isotropic, and elastic 
monolith [30]. The validity of this simplification has not yet been confirmed experimentally. 
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This chapter presents an experimental study where neutron diffraction is used to measure 
longitudinal and transverse strains within each wire of a 19-wire strand constrained by a clamp. 
These measurements are then compared with respect to the validity of Gjelsvik’s geometrical 
analysis and the Boussinesq solution. 
Experimental Details 
For these experiments a unique 19-wire strand and its matching split-clamp are designed and 
constructed (Figure 40). Both of these parts had to be optimized for strength and neutron 
transparency for precise and accurate neutron measurements in a time-efficient manner [87].  
 
Figure 40: The 19-wire sample with gross and net lengths of 909 mm (35.8 in) and 592 mm (23.3 in), respectively. The 
sample is shown here immediately after the wires were potted in the sockets with epoxy resin. 
Strand Design 
In a 7-wire strand, only the center wire is an interior wire, so little can be learned from such a strand 
regarding strain distribution in the cross-section. The strand is therefore up-scaled by one layer to 19 
wires (Figure 41). This increased the number of confined wire layers (shells) from 1 to 2, and the 
number of interior wires from 1 to 7 while increasing the sample thickness by approximately 66%. A 
pair of indices, ݉, ݊, is used to identify a given wire position in the cross-section; here ݉ specifies 
the shell within which the wire is contained and ݊ is the wire number. For each shell, the wire at the 
vertex closest to the incident neutron beam is assigned index ݊ ൌ 1 and successive wires are labeled 
in counterclockwise order. In addition using the hexagonal close packing of the wires, the following 




̅ܣ, ܤത, ܥ, ܤ, ܣ, as shown in Figure 41. For most wire positions, the 19-wire geometry signficantly 
increased the material thickness that the neutron beam has to penetrate during the measurement. 
Consequently, aluminum wires, which are quite transparent to thermal neutrons, are used. To 
minimize plastic deformation during testing, ASTM B221 aluminum T6 temper extruded wire was 
selected for its high yield stress of approximately 240 MPa (35 ksi), comparable to mild steel [95]. 
Table 8 lists the nominal composition of this alloy. The wires are specified as 5 mm (0.197 in) 
diameter by the manufacturer but were apparently undersized in production, as became apparent 
when the stock was measured. 
 
Figure 41: Schematic of the cross-section of the 19-wire strand model. Mechanical load is applied along the ݕԦ-direction 
while the incident neutron beam is shown traversing the cross-section and hitting, in this case, wire (3,4). The cross-
section of the clamp is also shown for scale. Inset: detailed view of the strand cross-section with both rows and wires 
labeled appropriately. 
Diameter statistics were obtained by measuring one specimen with a precision micrometer at two 
orthogonal angles at 25 locations along the wire at 1 cm (4 mm) intervals.7 Additionally, another 25 
                                                 




wires were measured at two orthogonal angles at one location. The average diameter (± the standard 
deviation) of the aluminum wire is 4.816±0.021 mm (0.190 in ± 0.83 mil).  
Table 8: Composition of the ASTM B221 aluminum T6 temper wire used in constructing the 19-wire strand. The values 
shown are reported by the supplier.* 
Element: Si Fe Cu Mn Mg Cr 
(% by mass) 0.4-0.8 0-0.7 0.05-0.4 0-0.15 0.8-1.2 0.4-0.8 
Element Ni Zn Ti Zr Other Al 
(% by mass) 0-0.05 0-0.25 0-0.15 0-0.25 0.15 Balance 
Yield Strength Reported: 241 MPa Tested†: 264 MPa   
Ult. Strength Reported: -- Tested†: 284 MPa   
* Multipurpose 6061 T6 Aluminum Rod, 5 mm diameter, pursuant to ASTM B221, McMaster-Carr NJ, 
Robbinsville, NJ. † ASTM A370 standardized tensile testing performed in-house at Carleton Laboratory, Columbia 
University. 
 
The measured standard deviation of wire diameters, ±21 μm (0.83 mil), is well above the 3 μm (0.12 
mil) dead wire threshold calculated by Gjelsvik and the 17 μm calculated using the Raoof and Huang 
analytical model. Incidentally, the standard deviation for production-grade ASTM A586 bridge wires 
used in previous experiments [86,93] is ±20 μm (0.79 mil), measured and computed using the same 
methodology described above. Figure 40 shows the completed 19-wire strand. It is terminated at 
each end with a half-section of 4” nominal diameter (101.6 mm) Curtis universal joint.8 Similar to 
the previous specimens, the conical cavities are machined in the bores of these sections [73,87]. The 
strand wires are broomed out in the conical bores and anchored to the sockets using commercially 
available potting resin. The finished sample is 909 mm (35.8 in) long including the sockets, with a 
592 mm (23.3 in) net wire strand length. 
Clamp Design 
An all-aluminum split clamp is designed and fabricated to radially constrain the 19-wire strand. The 
dimensions of the clamp are chosen to permit neutron beam penetration of the incident and 
diffracted beams, allowing the measurement of strains in the strand cross-section under the clamp in 
                                                 
8 Curtis universal joint, Model CJ655, Curtis Universal Joint Company, Springfield, MA. 
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line with the experiments previously performed on 7-wire strands (Chapter 4). The body of the 
clamp is fabricated from aluminum alloy 6061-T6511. The clamp has a regular hexagonal cutout at 
the center that makes contact with the 12 wires on the outermost layer of the strand (Figure 42). The 
bolts and nuts are 5/8”-11, 3” long (݀ ൌ 16 mm, ݈ ൌ 76 mm) aluminum alloy 2024-T4 with a proof 
yield strength of 255 MPa (37 ksi). The washers are manufactured from 6061-T6 aluminum alloy. 
The clamp is designed to simulate the mechanical function of a bridge cable band (Figure 1c). 
During experiments the clamp is installed in the middle of the strand, and the bolts are tightened 
using a calibrated torque wrench to desired compression levels.  
 
Figure 42: Plan and elevation views of custom designed clamp for 19-wire strand. The gap between the two clamp halves 
measures 1.0 mm. All dimensions are in millimeters. 
Neutron Diffraction Measurements 
Neutron diffraction measurements were carried out at the VULCAN Engineering Materials 
Diffractometer at Oak Ridge National Laboratory (ORNL). The VULCAN machine’s experiment 
setup is shown in (Figure 16a) [66,68]. As noted in Chapter 1, the unique capability of the VULCAN 
diffractometer is that the UTM has two axial-torsion actuators, concentric with the tensile axis, one 
nested in each end of the load frame. This setup allows specimen gripped in the UTM to be rotated 
in free body motion (offset rotation) to allow lattice planes of different orientations to be mapped. 
Conversely, an antisymmetric rotation of the two crossheads (matrix rotation) induces torsion in the 
sample. The probe or gauge volume of the diffraction data is the irradiated material region that 
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diffracts neutrons into both detector banks [65]. In this set of experiments, the incident beam slits 
are set to yield a 2×2 mm2 (0.079×0.079 in2) beam cross-section, and radial collimators have 2 mm 
(0.079 in) acceptance lengths. Due to horizontal and vertical divergence of the incident beam after 
the incident beam slit and the 45° angle the specimen axis makes with the incident beam axis, the 
final probe volume is an elongated cuboid, 2.70 mm (0.106 in) high, spanning 2.87 mm (0.112 in) 
normal to the tensile axis (Figure 43).  
Two coordinate systems are used to define the sample position with respect to the diffraction 
process, and to facilitate data analysis (Figure 44). The laboratory coordinate system, ܮሬԦ௜	ሺ݅ ൌ 1,2,3ሻ, 
defines the orientation of the in situ diffraction instrument, namely the neutron diffractometer/UTM 
combination. 
 
Figure 43: Schematic of the diffraction gauge volume in a single wire. The elongated cuboid in the center of the sample 
wire is the product of the incoming beam geometry and the coincident foci of the radial collimators. The red rectangle 







Figure 44: Schematic cross-section of wire strand showing both coordinate systems for rotations	߮ ൌ 0° on the left and 
߮ ൌ 90° on the right. The ܮሬԦ௜ coordinate system is invariant to the offset rotation commands (߮) of the UTM while the 
ሺݔԦ, ݕԦ, ݖԦሻ is local to the specimen cross-section and therefore rotates along with the specimen. 
Here ܮሬԦଶ is coincident with the tensile axis of the UTM, ܮሬԦଷ is normal to the diffractometer plane, and 
ܮሬԦଵ bisects the angle between the incident beam vector and the diffracted beam detected at the 
midpoint of detector Bank II. ܮሬԦ௜ is invariant during the experiments. The sample coordinate system 
is defined in order to specify the position of the strand within the instrument: ሺݔԦ, ݕԦ, ݖԦሻ with its 
origin coincident with that of the laboratory coordinate system, ܮሬԦ௜ . The angle ߮ is defined as 
rotation around െܮሬԦଶ. For all ߮, the strand axis, ݕԦ,	is coincident with the UTM tensile axis, ܮሬԦଶ. At ൌ
0° , ݖԦ‖ܮሬԦଷ (i.e. the diffractometer plane is coincident with the ݔ െ ݕ plane of the sample coordinate 
system) and ݔԦ‖ܮሬԦଵ (Figure 44). For ߮ ൌ 90°, ݔԦ‖ܮሬԦଷ (antiparallel) and ݖԦ‖ܮሬԦଵ. For reference, the clamp 
bolts are parallel to the ݔԦ-axis of the strand. This somewhat unusual left-handed coordinate system is 
a product of the displacement and rotation conventions of the VULCAN precision translator table 
and the UTM with respect to the position of the gauge volume in the sample. 
In the VULCAN diffractometer, any region within the strand can be brought into the probe volume 
for diffraction measurements using table translations. To verify probe volume placement within the 
sample, the diffracted intensity from the sample is scanned as a function of ݔԦ and ݖԦ positions. In 
these scans, when the irradiated (probe) volume moves outside the sample boundaries, the diffracted 
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intensities recorded by the detectors decay to zero. Once the coordinates of the sample surface are 
determined, the wire center positions are computed from the sample geometry shown in Figure 41. 
This process is also facilitated by the decrease in the diffracted intensity as the probe volume moves 
over the interface between two wires inside the sample. With nominal care probe placement over 
any given wire centerline can be achieved with an accuracy of ±0.5 mm (19.7 mil). Further details 
about such intensity scans are provided in Appendix G [86,87,93]. 
Once the measurement positions are verified through intensity scanning, spallation-neutron 
scattering patterns in both detector banks are recorded from each wire (typical data are shown in 
Figure 48). The data from each detector are analyzed using Rietveld refinement with the Los Alamos 
GSAS program to obtain the unit cell parameter of the FCC Al wire along a particular direction in 
sample coordinates [75]. Due to the selectivity of Bragg’s law, the data collected by detector Bank I 
yields the lattice parameter along the ܮሬԦଶ axis, which is coincident with the longitudinal ݕԦ-axis of the 
sample. Bank II yields the crystalline lattice parameter along the sample direction coincident with the 
ܮሬԦଵdirection. By rotating the sample to ߮ ൌ 0° or 90°	using the offset angle command of the UTM, 
either the ݔԦ or ݖԦ sample directions can be brought into coincidence with	ܮሬԦଵ. Thus, with two ߮ 
rotations, two lattice parameter pairs ൣܽ௬	, ܽ௫	൧௠,௡ and ൣܽ௬	, ܽ௭	൧௠,௡ are obtained, covering all three 
sample coordinates. The ൣܽ௬	൧௠,௡ value in each pair refers to the same volume/measurement 
direction and serves as a repeat measurement. The load frame’s torsional stage is in angle control for 
the entire experiment while the axial stage is in force control mode. An overview of the testing 




Table 9: Clamping bolt torques and applied (tensile) stresses for each experiment. For all cases the nominal torsion load 





Axial Applied Stress 
(MPa) 
 
1 Finger tight 20 MPa (2.9 ksi)  
2 50 Nm (37 lb-ft) 20 MPa (2.9 ksi)  
3 150 Nm (111 lb-ft) 20 MPa (2.9 ksi)  
 
Strain Analysis 
Axial strains are computed from the measured lattice parameters using equation: 
 ሾߝ௜௜ሿ௠,௡ ൌ ቂ௔೔ି௔బ೔௔బ೔ ቃ௠,௡ (24) 
Here the ݉, ݊ indices denote the particular wire from which the data is acquired (Figure 41). The 
index, ݅, denotes the sample coordinate axis along which the computed strain is defined (݅ ൌ ݔ, ݕ, ݖ), 
and ሾܽ଴௜ሿ௠,௡ denotes the unstressed lattice parameter of the particular Al wire at the measurement 
location along the particular direction. To obtain the unstressed lattice parameters, ሾܽ଴௜ሿ௠,௡, the 
strand was installed on the UTM, and the clamp installed on the strand at midpoint, with the bolts 
finger-tight to facilitate dimensional stability in the hexagonal packing regime of the wires. Then any 
minor twist within the strand is removed using the matrix rotation command of the rotary actuators 
on the UTM, and a nominal tensile preload of 20 MPa engineering stress is applied. This preload is 
necessary to axially straighten the sample and remove any slack in the system, and it is kept constant 
for the duration of the experiment. Then the ሾܽ଴௜ሿ௠,௡ values are experimentally measured at the 
center of each wire underneath the clamp. For each wire neutron diffraction spectra in Detector 
Banks I and II are obtained for ߮ ൌ 0°	and ߮ ൌ 90° orientations. Processing these spectra yields 
two unstressed lattice parameter pairs, ൣܽ଴௬	, ܽ଴௫	൧௠,௡ and ൣܽ଴௬	, ܽ଴௭	൧௠,௡. It should be noted: these 
lattice parameters contain contributions from manufacturing residual stresses, the applied tensile 
pre-load, and the straightening torque and will not be equal to the ideal unstressed lattice parameter 
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for the 6061 alloy. Since the radial confinement stresses being applied in the experiment are well 
below the elastic limit, these contributions will not change during the experiment. Thus, the strain 
values computed from Equation (2) for Cases #2 and #3 will reflect only the elastic strains induced 
by the applied clamping loads in each wire. 
The clamp is subsequently tightened using a calibrated torque wrench to specified torque values, 
exerting a confinement force on the strand (Table 9). The lattice parameter values, ሾܽ௜ሿ௠,௡, under 
confinement are then measured at exactly the same locations (at the center of each wire), at two 
rotation angles ߮ ൌ 0°	and 90°, respectively. These data are then used to obtain the radially 
compressed lattice parameter pairs, ൣܽ௬	, ܽ௫	൧௠,௡ and ൣܽ௬	, ܽ௭	൧௠,௡, for each wire. These were then used 
in Equation (2) to compute the radial confinement stresses for the particular wire. 
See Appendix E for further details pertaining to the experiment setup. 
Finite Element Model 
Model Properties 
To investigate the partitioning of confinement forces imposed by the clamp, a multi-body finite 
element model is developed (Figure 45) using the ABAQUS CAE suite [96]. In this model the actual 
clamp dimensions and all wires are modeled as having the same nominal diameter (4.8 mm or 0.189 
in). The bolts and bolt-holes are omitted to reduce model complexity; the appropriate clamping 
force, calculated from neutron strain measurements within the center of the bolts, is applied as a 
distributed field on all bolt contact surfaces (red circles in Figure 45). The 20 MPa (2.9 ksi) tensile 
preload to the wires was also omitted. The effect of this preload was also removed from the 




Figure 45: Isometric view of 19-wire strand and Al clamp, showing meshing of all bodies. The red section in the figure 
marks the location of the distributed force created by the two nut and bolt assemblies; although not visible, an identical 
applied distributed load is applied to the bottom of the clamp. 
The clamp halves and wire-segments are meshed using C3D4 tetrahedral and C3D8R hexahedral 
elements, with mesh sizes of 2 mm and 0.4 mm, respectively. To capture any possible heterogeneity 
in the stress/strain distributions, the full geometry is modeled. The final model contains 566,948 
elements with 491,171 nodes and 60 contact surfaces.  
For all contact surfaces, interaction properties that permitted a small amount of sliding in the 
tangential direction but prevented mutual penetration of surfaces in the normal direction. Clamp-
wire and wire-wire contact is defined as surface-to-surface with small sliding; contact is defined as 
hard in the normal direction (with respect to contact surface) and rough in the tangential direction. 
The numerical model has no prescribed displacement or rotation boundary conditions, but rather 
equation constraints that instead define a relation between two points to impose symmetry 
conditions. Equation constraints allow the model to be stabilized – prevent global displacement and 
hence numerical instability of the global stiffness matrix – while still allowing the wires to displace 
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during the contact-surface-finding optimization routine. The ends of the wires are constrained to 
displace in equal but opposite directions (wires must expand or contract symmetrically in ݕԦ) while 
the two clamp pieces must also displace vertically (ݖԦ) in equal but opposite directions. Similar 
constraints are defined for rotation as well, so as to stabilize but not unnaturally constrain the model. 
With 19 wires and 42 contact surfaces, this is a highly coupled contact mechanics system, so defining 
stabilizing but non-restrictive boundary conditions is gravely important to ensure a realistic albeit 
well-behaved model. 
The material properties are specified using average data from various ASTM A370 tension tests 
performed in the Carleton Laboratory on the aluminum stock used in the strand. Figure 46 depicts 
the tension-test results used to determine the elasto-plastic parameters for the model. The stock 
behaves linear-elastic to 250 MPa (36.3 ksi), Young’s modulus, ܧ ൌ 70.2	ܩܲܽ (10,200 ksi), and 
Poisson’s Ratio, ν ൌ 0.345, with subsequent plasticity [97].  
 
Figure 46: Tensile test response of the Al wires used in the study. The lower plot shows the net plastic strain 




The post-yield plastic response parameters are specified by inputting into ABAQUS, in table form, 
the experimentally determined plastic strain response (lower plot, Figure 46). During simulations the 
ABAQUS FEM model is solved using nonlinear optimization with adaptive stepwise loading. When 
the system is fully elastic, convergence is obtained in approximately two hours on a PC.9 In the 
plastic deformation regime, 20 hours or longer run times were needed to achieve convergence. 
Figure 47 shows the computed von Mises stresses when the model is solved for a 59.0 kN (13.3 kip) 
distributed force field per bolt, which corresponds to the force for Case #3 in the experiments. The 
detailed simulation results are presented and discussed in parallel with the measured neutron strains. 
   
Figure 47: Von Mises stress distribution within the strand cross-section and clamp body. The ݔԦ െ ݖԦ cross-section is 
taken at the centerline of the clamp ሺݕԦ ൌ 0ሻ. The maximum von Mises stresses are located where the clamp edges 
contact wires (3.1) and (3.7). The peak stress (red) of 284 MPa (41 ksi) occurs at the various contact points, most notably 
between wires (3.1) and (3.7) with the clamp parts. Stresses at the wire centers vary from 100 MPa (15 ksi) in cyan to 150 
MPa (22 ksi) in green.  
 
  
                                                 
9 64-bit OS, 12 GB RAM, Intel i7-950 Processor @ 3.07GHz, Quad Core, 8 MB Cache 
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Experimental Results and Discussion 
Case #1: Baseline and Uncertainty Budget  
Figure 48a-b shows the wire-specific lattice parameter pairs ൣܽ଴௬	, ܽ଴௫	൧௠,௡ and ൣܽ଴௬	, ܽ଴௭	൧௠,௡ 
obtained from GSAS refinement of the diffracted spectra from the wires for the strand under 
nominal 20 MPa tension, with the clamp bolts finger tight. These parameters define the zero-stress 
condition for each wire. The following observations can be made: 
1. The lattice parameter along the ݕԦ	direction for the center wire, ൣܽ௬൧ଵ,ଵ ሺ4.0518 േ
0.0001	Åሻ, is repeatable after the rotation ሺ4.0521 േ 0.0001	Åሻ. However, these values are 
significantly lower than the ൣܽ௬൧௠,௡ for the rest of the wires. This indicates that the center -
wire is not tightly coupled to the grips exerting tension on the strand [86]. The lattice 
parameter ൣܽ௬൧ଷ,ଷ for wire (3,3) is also lower than the majority of other wires. Consequently, 
there are 17 strongly and 2 weakly-gripped wires with respect to the sockets holding the 
strand in tension, and a separate zero-stress state has to be defined for each wire. 
 
Figure 48: Position-dependent lattice parameters for both Bank I and Bank II with the strand at rotations	߮ ൌ 0°	and 





2. The mean lattice parameters for the remaining wires are as follows.  
a. For the longitudinal ݕԦ direction the same average lattice parameter is measured 
within error with തܽ଴௬	 ൌ 4.0543	ሺേ0.0004ሻ, 4.0542	ሺേ0.0003ሻ, respectively, for 
sample offset rotations ߮ ൌ 0°	and ߮ ൌ 90°. This indicates proper spatial 
alignment of the strand with respect to the neutron beam.  
b. For the transverse directions, ݔԦ and ݖԦ, the mean lattice parameters are equal within 
measurement error: തܽ଴௫ ൌ 4.0504	ሺേ0.0003ሻ, തܽ଴௭ ൌ 4.0505	ሺേ0.0003ሻ. Thus, 
any strain variation in these directions cannot be distinguished in the zero-
confinement condition, and the strand possesses cylindrical symmetry in lattice 
parameter space. 
c. For the well-gripped wires, the average lattice parameter along the loading direction 
is approximately	0.0037 േ 0.0008	Å larger than both transverse directions. This 
corresponds to an effective tensile lattice strain of 678 along the axial direction. 
Consequently, after untwisting and straightening the strand with the UTM 
actuators, the well-gripped wires are under a nominal tensile stress of 
approximately	47 േ 14 MPa (6.8 േ 2.0 ksi). The preload of the strand to 20 MPa 
(2.9 ksi) tension engineering stress accounts for approximately half of this 
difference in lattice spacing. The remainder is probably due to manufacturing 
residual stresses formed as a consequence of the extrusion process used to form the 
Al wire [98,99]. Since a separate initial state	ሾܽ଴௜ሿ௠,௡ is defined for each wire and 
measurement direction and will remain in the elastic regime for the entirety of the 




Two sets of ൣܽ௬൧௠,௡ data are used in Figure 48a-b to estimate the errors in the lattice strain 
computations. In an ideal measurement with no positioning, counting, or peak fitting errors, the pair 
of ൣܽ௬൧௠,௡ values for each wire would be identical. Rotating the sample around the ݕԦ-axis from ߮ ൌ
0°	to ߮ ൌ 90°	does not change the grains that scatter into Detector Bank I. Thus, point-wise, any 
differences between the two sets of ൣܽ௬൧௠,௡ are due to errors inherent in the instrument (sample 
alignment, background radiation, detector noise, etc.) and GSAS peak fitting. The relative strain in 
each wire, ൣߝ௬௬൧௠,௡, is computed using Equation (2), with the data in Figure 48b set as ൣܽ଴௬൧௠,௡. 
The mean relative strain within the strand, averaged over all wires is 1 േ 55	ߤߝ, reproducing the 
expected zero-strain condition. The േ55	ߤߝ represents the experimental accuracy of the system in its 
initial unclamped state with respect to all errors: positioning, counting, and peak fitting. 
It is important to note that positioning the beam location properly within the sample is critical in 
neutron strain measurements yet non-trivial in multi-body systems. If the beam is not contained 
completely within a given wire, the partially filled gage volume effect can cause large errors in the 
measured spectra, leading to fictitious strains [100]. This error was inadvertently quantified during 
this run. For the ߮ ൌ 90° rotation of the zero-stress case, the beam location within wires (3,12), 
(2,6), (2,5), and (3,8) – this is row ܤ, as seen in Figure 41 – was displaced by 4 mm from the 
respective wire centers due to operator error in entering the center coordinates in the control script. 
In this case, the mean relative strain, ߝ௬̅௬	, in these four wires are 336 േ 14	ߤߝ. This value is much 
larger (≈5×) than the (total) error values observed in the properly aligned cases. A comparison of 
ൣܽ௬൧௠,௡ at ߮ ൌ 0° with ൣܽ௬൧௠,௡ at ߮ ൌ 90° therefore serves as a convenient error check to confirm 
proper beam alignment. 
If the same analysis is applied to the transverse lattice parameters, where ሾܽ଴௫ሿ௠,௡ is used for the 
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unstressed lattice parameter, the calculation results with the same mean value within error. This 
procedure could only be undertaken since the measured lattice parameters in the ݔԦ and ݖԦ directions 
are found to be equal within error. In this case, however, the two transverse lattice strain readings, 
ሾߝ௫ሿ௠,௡ and ሾߝ௭ሿ௠,௡, are not from the same set of grains due to the (߮ ) rotation of the sample in 
the diffractometer coordinate system ܮሬԦ௜ . Consequently, it can be concluded that the initial strain 
state of the wires exhibits cylindrical symmetry around the wire axis. 
Case #2: Low Clamping Force at 20 MPa Tension 
The first confinement case was designed to model an ideal parallel wire strand under confinement 
forces estimated for a suspension bridge cable. In Case #2, the two bolts of the clamp (Figure 42) 
were tightened to a torque of 50 Nm (37 lb-ft) using a calibrated torque wrench while the strand was 
under a nominal tension of 20 MPa (2.9 ksi). Neutron strain measurement of the clamp’s bolts 
provides the tensile strain and consequently the load in the fasteners: 19.9 kN (4.47 kip) over a 37.5 
mm (1.47 in) length along the strand, or 530 kN/m (36.0 kip/ft) normalized per unit length of the 
strand. . This confinement force is comparable to but ≈30% lower than the upper bounds calculated 
by Gjelsvik: 802 kN/m (53.0 kip/ft) for the wrapping wire and 774 kN/m (51.1 kip/ft) for the cable 
bands [16]. After the clamp bolts are tightened, wire-specific lattice parameters are mapped over the 
bundle cross-section under the clamp with the same measurement settings described in Case #1. 
The elastic strains are then computed using Equation (2), where the unstressed lattice parameter for 
each wire is obtained from the corresponding measurements for Case #1. Thus, the effects of the 
tensile pre-load, and any manufacturing residual stresses, are removed, and only the incremental 
radial clamping strains are obtained. The distributions of the normal strains, ߝ௫௫, ߝ௬௬, ߝ௭௭ obtained 
in this manner are shown in Figure 51 along with corresponding simulation results from the finite 
element model, which is solved for the particular confinement force. The predictions of the FEM 
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model for the distribution of clamping strains will be discussed first and then compared to the 
results determined by neutron diffraction. 
The FEM simulation shows that, in the ideal case, the clamping forces generated by the clamp are 
not radially symmetric: the compressive strains along the ݔԦ direction, |ߝ௫௫|, are significantly higher 
than the corresponding |ߝ௭௭| values. On the other hand, all strains exhibit reflection symmetry 
across the vertical and horizontal axes, ݔԦ at ݖ ൌ 0, and ݖԦ at ݔ ൌ 0. This distribution can be 
explained by the directionality of the clamping force imposed by the (inclined) clamp faces on the 
wires when the clamp bolts are tightened in the ݖԦ direction. The clamp halves effectively sandwich 
the strand rather than radially confining it, with the faceted strand faces inclined to the ݖԦ axis 
pushing the wires towards the strand center. This action is greatest for the outermost wires, (3,1) and 
(3,7) at the clamp separation plane; these are pushed toward the strand center along the െݔԦ, ݔԦ 
directions, respectively, by the faceted faces of both clamp halves, and show the maximum absolute 
value of normal strain, |ߝ௫௫|. This strain term is lowest in wires (3,4) and (3,10), which contact the 
clamp facets parallel to the ݔԦ	axis. Even for these wires |ߝ௫௫|	is greater than |ߝ௭௭| due to strain 
transfer from the neighboring wires. 
The right side of Figure 50 shows the distribution of the first invariant values of the wire-specific 
strain tensors, ܫ௟,ఌ ൌ ߝ௞௞	, obtained from the finite element model; its sign and magnitude can be 
used as a coordinate-invariant metric of the clamp compression imposed on a given wire. The 
simulated ܫ௟,ఌ values decrease with decreasing |ݖ| and increasing |ݔ| positions of wire centers; the 
wires that directly contact the clamp surface have higher ܫ௟,ఌ values than inner wires. The two wires, 
(3,1) and (3,7) in the center row, with double clamp contacts, have the highest ܫ௟,ఌ values.  
The experimental wire-specific strain values in Figure 51 do not reflect the full symmetry of the 
FEM computations. The wires in the top half of the cross section, rows ܣ and ܤ, are effectively 
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unclamped; longitudinal (ߝ௬௬) as well as transverse strains (ߝ௫௫, ߝ௭௭) are negligible, or can be 
considered zero within measurement error. The clamping load is confined to mainly two rows: rows 
C and B, where the measured ߝ௫௫ are highly compressive, and have almost twice the magnitude of 
the corresponding model values. For these rows, all ߝ௭௭ are tensile, while the corresponding values in 
the model are compressive. Despite these differences, some of the trends of the finite element 
model are observed in the experimental strain data. As we can see from Figure 50, where the 
distribution of the experimental wire-specific ܫ௟,ఌ are plotted, ܫ௟,ఌ values are predominantly 
compressive for the wires in the lower clamp half, and wires (3,1) and (3,7), which are being pushed 
toward the clamp center by both halves of the clamp have the maximum ܫ௟,ఌ values. Table 10 lists 
the values of the first strain invariant for the strand rows obtained from finite element modelling and 
experiment for Case #2, with clamp bolts torqued to 50 Nm (37 lb-ft). The final row shows the sum 
for the complete strand. The experimentally determined total ܫ௟,ఌ for the strand is, within error, half 
of the model value, accurately reflecting the fractional strand volume constrained by the clamp. 
The experimentally determined values in Figure 50 and Table 10 show that all constraint forces are 
localized in the lower half of the clamp, mainly in rows ܥ and ܤ. The negligibly low (elastic) strains 
in other wires (rows) indicate inadequate constraint. The most probable mechanism for this 
distribution is unequal wire-wire and wire-clamp contact due to dimensional variations. This is an 
extension of the postulate by Gjelsvik, who treated the case of a single (dead) wire being constraint-
free (69). These results show that entire rows/sections of wires can be constraint-free within a 
clamped strand due to stochastic variations in wire diameter and/or clamping surface irregularities; 
such heterogeneity cannot be predicted through simulation if ideal dimensions are assumed in 












  Figure 49: Case #2 – Low Clamping Force at 20 MPa Tension. Left: measured neutron lattice strains in the ݔԦ, ݕԦ, and 
ݖԦ directions with respect to the base preload case. In the ݕԦ-direction, the two redundant neutron measurements are 
averaged. The wire center positions in the graphs correspond the coordinates measured by the wire alignment 
procedure. Right: results of the finite element model created to mirror the experimental system. 
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  EXPERIMENT         SIMULATION 
 
Figure 50: Case #2 – Wire-specific I_(l,ε)=ε_kk values within the strand under low clamping load. The right and left 
plots depict experimentally determined, and finite element model values, respectively. 
Table 10: Values of the first strain invariant, ܫ௟,ఌ , for the strand rows obtained from the experiment and finite element 
modelling for Case #2 , with clamp bolts torqued to 50 Nm (37 lb-ft). The final row shows the sum for the complete 
strand ∑ ൫ܫ௟,ఌ൯௝଺௝ୀଵ . The experimental standard deviation stems from the uncertainty analysis, the standard deviation of 
strain averaged over all wires; the stand sum uncertainty is obtained through quadrature propagation. 
Strand Row ࡵ࢒,ࢿ (Experiment) ࡵ࢒,ࢿ (Simulation) 
࡭ -129±95 -685 
࡮ 24±95 -1052 
࡯ -1303±95 -1532 
࡮ -772±95 -1051 
࡭ -218±95 -685 





Case #3: High Clamping Force at 20 MPa Tension 
In Case #3, the torque of the clamp bolts is increased to 150 Nm (111 lb-ft), a value safely below 
the torsional yield limit of the 2024-T4 aluminum alloy fasteners, to test if higher clamping forces 
could alleviate the heterogeneity of radial constraint observed in Case #2.10 At this torque the 
clamping force in the bolts, measured via neutron diffraction, was 59.0 kN (13.3 kip), equivalent to 
1.57 MN/m (107.6 kip/ft) compression force per unit length of the strand. Under this confinement 
force the FEM simulation predicts that some of the Al wires would suffer plastic deformation at the 
contact points (Figure 51). 
 
Figure 51: Distribution of plastic strains along cross-section, showing significant plastic flow at the clamp pinch points as 
well as other wire-to-wire and wire-to-clamp contact points. However, it is important to note that not all contact points 
enter the plastic regime. 
The wire-specific elastic lattice strains obtained from the diffraction analysis and the simulation 
results from the corresponding finite element model are shown in Figure 54. In both cases the 
                                                 
10 Bolt yield strength of 255 MPa (37.0 ksi) is the reported proof load of the fastener per manufacturer specifications. 
Three experimental trials were conducted to identify the ultimate torsional capacity of the bolts when used with the Al 




individual strain values have increased in response to the increased bolt torque. The FEM model still 
shows full symmetry. Experimentally, the increased clamping force does result in a more 
homogeneous clamping strain distribution within the strand. This is better seen in Figure 53, where 
the distribution of the experimental wire-specific ܫ௟,ఌ	are plotted. 
Table 11 lists the total ܫ௟,ఌ values for the strand rows, and the strand total for both the model and the 
measurement. The tripling of the clamping torque causes the strand sum of strains computed from 
the finite element model (Table 11) to increase by ൎ 1.6 ൈ, reflecting the effect of plastic flow at the 
contact points. The corresponding (experimentally determined) increase for the actual strand is ൎ
2.5ሺേ0.1ሻ ൈ. This shows that, under the higher clamping load, plastic yield and/or geometric 
rearrangement within the strand enhanced contact between previously free wires and the clamp 
surface, significantly enhancing and homogenizing radial constraint. 
Finally, in contrast to the individual wire values shown in Figure 53, the ܫ௟,ఌ values for the rows 
exhibit excellent symmetry across the clamp-parting plane, matching the form for the finite-element 
model. Overall, by tripling the bolt torques, a row-level symmetry is achieved for ,1I within the 
actual strand, even though wire-level symmetry in either ܫ௟,ఌ or ߝ௜௝ is not observed. With Al wires, it 
is probably possible to increase the clamping loads to levels where plastic flow could cause a more 












  Figure 52: Case #3 – High Clamping Force at 20 MPa Tension. Left: measured neutron lattice strains in the ݔԦ, ݕԦ, 
and ݖԦ directions with respect to the base preload case. In the ݕԦ-direction, the two repeat neutron measurements are 
averaged. The wire center positions in the graphs correspond the coordinates measured by the wire alignment 
procedure. Right: results of the finite element model created to mirror the experimental system.
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  EXPERIMENT         SIMULATION 
 
Figure 53: Wire-specific ߝ௞௞ values within the strand under low clamping load. The right and left plots depict 
experimentally determined, and finite element model values, respectively. 
Table 11: Strand-row specific values of the first strain invariant, ܫ௟,ఌ, for Case #3, obtained from the experiment and 
finite element modelling. The strand sum, ∑ ൫ܫ௟,ఌ൯௝଺௝ୀଵ , over all rows is also tabulated. The experimental standard 
deviation stems from the uncertainty analysis, and the strand sum uncertainty is the total propagated error. 
Strand Row ࡵ࢒,ࢿ (Experiment) ࡵ࢒,ࢿ (Simulation) 
࡭ -669±95 -1106 
࡮ -1059±95 -1567 
࡯ -2405±95 -2738 
࡮ -1097±95 -1565 
࡭ -640±95 -1107 
Strand Sum -5960±213 -8083 
 
Case #4: FEM Simulation of Wire Diameter Effect on Radial Confinement  
For the last case, a parametric FEM analysis is conducted in order to determine the effect of 
decreasing central wire diameter on radial confinement within the bundle. This analysis is a 
numerical modelling analogue of the Gjelsvik approach described previously applied to the current 
experiment. In the model an ideal strand is constructed, clamped with bolt torque 50 Nm (37 lb-ft) 
(Case #2), and then the diameter of the center wire (1,1) is progressively decreased until it shows no 
stresses. The simulation results are summarized in Figure 54, showing the elastic stress, ߪ௫௫	, in the 
central wire core as a function of the difference , ∆ܦ ൌ ܦଵ,ଵ െ ܦ௜ௗ௘௔௟ , of the central wire diameter 
from its ideal value. When ∆ܦ is equal to 35 μm (1.38 mil) the central wire is completely stress free 
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(Figure 55). In a strand where the diameters of all wires intersecting a given cross-section can change 
randomly within manufacturing tolerances, smaller ∆ܦ values could lead to a total loss of constraint.  
 
Figure 54: Variation of the (simulated) constraint stress ߪ௫௫ in the center wire of an ideal 19-wire strand assumed to be 
clamped with the bolts torqued to 50 Nm (37 lb-ft), as the center wire diameter is decreased by ∆ܦ. 
 
Figure 55: Distribution of the constraint stress, ߪ௫௫ in the individual wires of an ideal 19-wire strand assumed to be 
clamped with the clamp bolts torqued to 50 Nm (37 lb-ft). The center wire diameter is smaller than the others by 35 μm 




Summary and Conclusions 
In this Chapter, an engineering scale, 19 parallel wire strand, with an attached, neutron-transparent, 
two-bolt, clamshell clamp was fabricated. Neutron diffraction was used to measure the partitioning 
of the elastic clamping strains within each wire in the strand section with the clamp bolts tightened 
to 50 Nm (37 lb-ft) and 150 Nm (111 lb-ft). At the lower clamping load, the constraint stresses were 
heterogeneously distributed between the constituent wires. Only half of the wires in the clamp were 
constrained; wires in the upper half of the clamp exhibited negligible strains. In comparison, the 
wires within a finite-element model, constructed to mirror the experiment, exhibited two planes of 
mirror symmetry in the clamp coordinates, and all wires had elastic constraint strains. The 
heterogeneity of the clamping distribution could be explained by invoking the Gjelsvik hypothesis of 
wire diameter variations within manufacturing tolerances [35]. To test if this would be the case, the 
load on the clamp was tripled; in this case the FEM predicted plastic flow at the contact points of 
the wires carrying the load. As expected the experimental strain distribution became more 
homogeneous. This homogeneity was more easily discernible if one examined the trace, ߝ௞௞ , of the 
(elastic) strain tensors of the constituent wires. The elastic strain values of the strand rows, 
represented by the sum of ߝ௞௞ for each row, exhibited mirror symmetry across the parting plane of 
the clamp, in agreement with the prediction of the finite element model. 
Finally, to test the effect of wire diameter changes on the clamping strain distribution, an ideal 19-
wire strand was modeled where the diameter of the center wire was decreased in steps to a final 
∆ܦ ൌ ܦଵ,ଵ െ ܦ௜ௗ௘௔௟ of 35 m, at which point the central wire became completely stress-free. 
In conclusion, as postulated by Gjelsvik a quarter century ago, local dimensional changes due to 
manufacturing tolerances of strand wires and clamps, along with strand-fabricating processes, can 
destroy the strain symmetry expected from the macroscopic shape of the assembly. This causes 
problems with justifying the use of ideal geometries and/or mean-field approaches, like the 
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Boussinesq distribution, in numerical models. Such approaches need some modifications to reflect 
the effect of stochastic variations in contact geometry on the (radial) clamping strains and 
(longitudinal) inter-wire strain transfer. For example, wire diameters should be modeled as a 
stochastic field; alternatively, the stochastic field of strains resulting from said wire diameter variations 
may also be used. The distributions for such a variations have yet to be established and will be the 
subject of future research; a brief discussion of recently acquired data is provided in an addendum 
following this section. To date, the author is not aware of any structural/mechanics numerical model 
that incorporates wire diameter variation. This is likely due to the fact that the data presented here is 
novel, and neither the civil engineering nor the engineering mechanics communities have recognized 
the significance of local dimensional variations for stress distributions within parallel wire systems 
(with the exception of Gjelsvik). 
Addendum 
Work is currently ongoing to quantify the internal stresses due to clamping in larger parallel wire 
strands; the preliminary results of the latest experiment are presented in brief in this addendum. A 
61-wire sample was recently fabricated and mapped at ORNL VULCAN (Figure 56). Great care was 
taken to manufacture a new aluminum clamp to precision machining tolerances in order to minimize 
asymmetric boundary conditions. A strand of this size allows the individual wires to configure 
relatively freely within a quasi-hexagonal packing regime; at the center of the strand, local wire 
dimensions rather than clamp-dominated boundary conditions should govern the strand’s 
mechanics. Additionally, the 61-wire strand increases the resolution of the physical model and 
renders a more accurate understanding of the wire-to-wire equilibrium and compatibility. For 
equivalency, the 61-wire strand is subjected to the same loading parameters as the 19-wire strand; all 




Figure 56: Left: Schematic of cross section of wire strand with the wire number convention previously used by the 19-
wire strand extended to the 61-wire strand. Only the central 19 wires (blue) extend into the socket and are therefore 
tensioned. Right: 61-wire strand with Al clamp attached to the midpoint of the strand loaded in the VULCAN 
diffractometer. Neutron strains are scanned in the cross section under the clamp in three clamping configurations (finger 
tight, low clamping, and high clamping), largely equivalent to the 19-wire strand experiment. 
The 19 central wires of the cross section (only the inner three wire layers extend into the socket) are 
preloaded to an engineering stress of 20 MPa (2.9 ksi), and the cross section at the centerline of the 
clamp is mapped using neutron diffraction. Similar to the previous experiment, the strand is 
measured in a baseline unclamped configuration as well as a low (50 Nm or 37 lb-ft) and a high (100 
Nm or 74 lb-ft) clamping torque. In addition to ߮ ൌ 0° (ߝ௫௫, ߝ௬௬), and ߮ ൌ 90° (ߝ௬௬, ߝ௭௭) a third 
orientation, ߮ ൌ 45° (ߝ௬௬, ߝ௫௭), is added to the measurement set to capture the shear strain 
component ߝ௫௭ and therefore complete the full strain tensor for the ݔԦ െ ݖԦ plane. 
The preliminary results from the low and high clamping load cases are shown in Figure 57 and 
Figure 58, respectively. This data set is very rich and has not been fully analyzed at the time of 
publication of this dissertation. A few significant observations can be made. The shear strains, ߝ௫௭, 
are far from zero, especially on the inclined faces of the clamp. This result is intuitive since the 
transfer of the compressive force on the inclined clamp faces is likely be oriented േ60° with respect 
to the ݖԦ-axis. These large shear strains underline the importance of including relevant shear 
orientations in a measurement set, even though such measurements pose considerable challenges in 





Figure 57: Measured neutron strains with respect to the base preload case for the 50 Nm (37 lb-ft) low clamping load 
case. Axial strains, ߝ௫௫, ߝ௬௬, and ߝ௭௭, and shear strain ߛ௫௭ are shown, constituting the full planar set of strains. In the ݕԦ-





   
Figure 58: Measured neutron strains with respect to the base preload case for the 100 Nm (74 lb-ft) high clamping load 
case. Axial strains, ߝ௫௫, ߝ௬௬, and ߛ௭௭, and shear strain ߝ௫௭ are shown, constituting the full planar set of strains. In the ݕԦ-
direction, the three repeat neutron measurements are averaged. 
The addition of in-plane shear strain allows the calculation of the von Mises stress state of each wire 
(Figure 59), assuming that the shear strains ߝ௫௬ and ߝ௬௭ are small; this is a good assumption since 
strains were mapped at the centerline of the clamp where there is likely little shear deformation in 
the ݕԦ-direction due to clamp symmetry. Preferential pathways of high von Mises stress are observed 
in both load cases. Interspersed between these highly stressed wires are other wires that are either 
completely unloaded or carry only a fraction of the load. This heterogeneity is likely caused by 
oversized wires (randomly distributed throughout the section) carrying the majority of the 
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compressive load. A doubling of the clamping force activates some of the under-stressed wires (e.g. 
center wire) while others remain effectively free in the matrix. 
 
 
Figure 59: von Mises stress for each wire calculated from the four scalar measurements, ߝ௫௫, ߝ௬௬, ߝ௭௭, and ߛ௫௭ for each 




The range of forces in the cross section is surprising; for the 50 Nm case, dead wires exhibit as little 
as 1 MPa (0.145 ksi) compression while the live wires show 20 to 44 MPa (2.90 to 6.38 ksi) 
compression. These results merit more in-depth analysis on various fronts: (1) a companion FEM 
simulation; (2) additional experiments to quantify the internal stress state of the system at multiple 
cross sections; (3) an in-depth capture of the statistics of wire diameter; and (4) a test of the 
dependency between wire stress and dimensional variation of a specific model. This work is ongoing 
and future experiments at ORNL VULCAN are scheduled to answer these questions. 
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CHAPTER 5. CONCLUSION 
In this dissertation, 7-wire, 19-wire, and 61-wire strands were fabricated and tested under various 
tensile loads and confinement forces to quantify their internal strain states using neutron diffraction. 
This research has shown that neutron diffraction is a highly effective non-contact method to quantify 
the internal mechanics of civil-engineering-scale samples. In fact, it is the only method available to 
the scientific community capable of measuring internal elastic strains centimeters from the surface of 
an aluminum or steel sample without disturbing the mechanism being studied.  
Clamping Force Quantification 
In Chapter 2, two 7-wire strands, built from ASTM A586 bridge cable wire, were loaded in tension. 
Although Sample A was designed as an undamaged strand with no wire breaks, it exhibited poor 
load partitioning among the constituent wires, underlining the importance of proper socketing and 
vigilant control of boundary conditions. Sample B contained a center wire that was free from both 
sockets; load could only be transferred to this wire from the surrounding six wires through friction 
and/or mechanical constraint at the contact surfaces. Surprisingly, without active clamping, 150 mm 
(6 in) away from the broken ends, the central wire exhibited 25% of the elastic strain carried by the 
unbroken outer wires. Clamping the strand loosely at both ends using cable clamps enhanced strain 
transfer. In the fully clamped condition, the central wire carried the same load as the neighboring 
wires that were secured in both grips.   
In Chapter 3, improved 7-wire steel strands were employed in a series of trials involving live and in 
situ fractures under load and neutron strain mapping. Optimizations in the fabrication procedures 
yielded samples with more even load partitioning among the constituent wires. Three samples were 
fabricated, each with one or two wires notched and welded to create a weakened and embrittled 
section that would fail in situ while being loaded in tension. Neutron strain vs. applied stress was 
recorded for a full monotonic loading and unloading cycle at various loads. The notching-and-
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welding procedures were successful in producing controllable defects, which would initiate live in situ 
fractures. However, two separate notched wires with vastly different design capacities fractured at 
the same tensile load. This double fracture was likely triggered by the shock wave of the weaker wire 
as well as the additional load picked up from the initially fractured wire. One of the strands failed in 
a brittle manner while the other two exhibited plastic flow before fracturing. This divergent behavior 
is likely due to different degrees of the embrittlement caused by variations in the thermal effects of 
the spot welding procedure as well as micro-scale variations in the geometry of the wafering saw 
cuts. The neutron strain vs. load traces provided valuable insights into the load partitioning among 
wires in the elastic, plastic, and post-fracture state. The data indicate that the post-failure elastic 
strain state of a fractured wire depends on its local boundary conditions. For the wire with all twist 
removed and a notched center wire, the center wire fractured in a brittle manner and recoiled to a 
mild compressive state of −258 με. In the strand exhibiting mild twist with only the center wire 
notched, the center wire recoiled to mild tension of 290 με. In the last strand, where both the center 
and a peripheral wire were notched, the center wire recoiled to 860 με. During unloading and then 
re-loading after fracture, the center wires of all three specimens showed a clear load dependence. 
However, the stress transfer factor, ߟ, of the cracked wires decreased at higher loads, which can be 
ascribed to the Poisson contraction of the wires during tensile loading. An applied stress of 400 MPa 
(58 ksi) will result in a radial contraction of a single wire by 3 μm (0.12 mil), the Gjelsvik limit to 
render a wire free in an otherwise undisturbed lattice. Consequently, for weakly confined and 
perfectly parallel wire strands, the frictional stress transfer would tend to zero at a critical tensile load 
as the wires contract radially. However, even minor twisting in the wires forces the strand together 
and maintains contact as load is increased. The importance of even minimal twisting can be seen by 
comparing the ߟ of strands which used aluminum guide rings to keep the wires parallel, and those of 
strands where the wires were slightly twisted and radially constrained by simple hose clamps. For the 
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latter, ߟ ൒ 0.3 (similar to the results shown in Chapter 2) while the corresponding value for the 
former was approximately 0.2. Consequently, local mechanical interference for nominally parallel 
wires has the same order of magnitude influence on load transfer from intact to broken wires as 
friction. 
The data from these experiment have allowed the engineering community to improve both analytical 
formalisms and finite element simulations used to evaluate the safety of large scale bridges as well as 
inform the design of new bridge cables [70,83,84,85]. 
Clamping Force Distribution 
The previous experiments detailed in Chapters 2 and 3 showed that 7-wire strands employed in 
cable model testing and validation could not capture the necessary complexity of wire-to-wire 
interactions anticipated in larger cross-sections such as suspension bridge cables. The contact 
mechanics of a 7-wire strand are dominated by the boundary conditions created by the clamp’s 
microscale geometry (clamp-induced heterogeneity) rather than the natural packing of the constituent 
wires with slightly dissimilar diameters. Hence, the strand was upsized from 7 to 19 wires, increasing 
the number of wire-to-wire contact points from 12 to 42. An aluminum up-down clamp was used to 
simulate the cable bands found on suspension bridge main cables. The 19-wire strand was mapped 
using the ORNL VULCAN Engineering Materials Diffractometer, measuring the confinement 
strains underneath the clamp in three orthogonal axes in each wire of the strand.  
The results showed that for 19-wire strands, the transverse strain distribution imposed by an up-
down clamp is not radially symmetric. At lower clamping loads – 68% of the Gjelsvik upper bound 
value for bridge cables – half of the wires did not exhibit any radial clamping strains at all, and the 
majority of the confinement was along a single direction in a single row of wires. The lack of global 
radial symmetry can be explained by the clamp’s bending action, confirmed by the FEM model 
results. Even though this clamping action may be considered imperfect, it represents quite accurately 
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the clamping mechanism of suspension bridge cable bands, which are themselves up-down clamps 
tightened using structural bolts. The heterogeneous strain distributions for the low clamping case 
can be ascribed to microscale diameter variations between the wires in the cross section.  
Confinement was tripled to confirm if the cross-section approaches a more homogeneous strain 
distribution through plastic redistribution. At the maximum achievable clamping load permitted by 
the Al clamp – twice the Gjelsvik upper bound for bridge cables – some wires in the strand that 
were previously unconfined indeed did take up a share of transverse load. However, even under this 
very high clamping load, the distribution was not smooth. For the two cases studied, the observed 
strain distribution cannot be described by mean-field formulations such as the Boussinesq model or 
an FEM model that assumes wires in ideal hexagonal packing. In this model, one row within the 
clamp-parting face carried the majority of the load.  
In conclusion, the heterogeneous strain distribution in the cross-section is caused by two major 
factors. Firstly, the bolts of an up-down clamp do not apply a radially symmetric load but rather pull 
the faces of the clamp towards each other and pinch the wires at the vertices, concentrating the 
clamping force on certain parts of the cross section. This effect was confirmed by the numerical 
simulation results. Any dimensional variations within the inner clamp surface would exacerbate such 
heterogeneity. Secondly, local variations in wire diameter can cause shielding of undersized wires from 
radial compression forces, with larger diameter wires forming a lattice through which the applied 
(compressive) forces are transmitted throughout the strand cross-section. The experimental results 
support Gjelsvik’s hypothesis that local dimensional variations of the individual wires on the order 
of microns drive the internal mechanics of a parallel wire system. Quite predictably, this 
heterogeneous strain distribution is not captured by the accompanying FEM simulation since the 
model assumes ideal geometries for all parts, wires and clamp. A parametric FEM simulation did 
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estimate that, for the low clamping load case for this specific setup, a dimensional under-sizing of 
the center wire (1,1) by 35 μm (1.38 mil) would result in the wire being completely unclamped. 
For a 19-wire strand confined by a cable clamp, it is unrealistic to assume a symmetric global 
compressive field and perfect wire packing as a function of equal diameters. Instead, wire diameters 
should be modeled as a stochastic field; alternatively, the stochastic field of cross sectional strains 
resulting from said wire diameter variations may also be used. The distributions for such a variation 
have yet to be established and will be the subject of future research. To date, the author is not aware 
of any structural/mechanics numerical model that incorporates wire diameter variation. 
Future Work 
Further study will be required to enumerate the mechanics in larger parallel wire systems, specifically 
the 61-wire sample presented briefly in the Addendum of Chapter 4. The considerably larger strand 
size reduces the ability of the boundary conditions, namely the clamp’s microscale geometry, from 
dominating the packing order of the wires, allowing the strand instead to settle into a natural semi-
hexagonal packing regime. As with the previous 19-wire strand, each constituent wire of the 61-wire 
strand was mapped for three orthogonal strains as well as shear strain in the strand cross section 
plane. The heterogeneity of the stress distribution among the wires has not decreased with the 
increase of strand size but rather remained constant. The von Mises stress distribution shows clear 
preferential pathways, where (oversized) wires carry the majority of the compressive load. These 
pathways circumvent undersized wires, which sit inside the strand without significant transverse 
load. An in-depth analysis of this very rich data set will be needed, as well as a rigorous statistical 
quantification of actual wire dimension distribution. An FEM model may also be of use, although 
full-contact simulations of this size are often fraught with divergence problems.  
Additionally, the investigation into the contribution of wire twist to development length will be 
concluded in a future ORNL beam slot. 
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The ultimate goal will be to map a large-scale parallel wire strand with 61 or 127 wires with multiple 
defects in 3 dimensions. Like many of its predecessors, such an experiment would be novel and 
unique, providing a spatially resolved insight into the internal mechanics of a parallel wire strand that 
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APPENDIX A. LANL V EXPERIMENT REPORT: SPATIALLY 
RESOLVED STRAIN MEASUREMENTS IN SEVEN-WIRE 
STRANDS 
Abstract 
In the first stage of this investigation (LANSCE-LUJAN Proposal LC-2008-622-A), we successfully 
conducted feasibility experiments to determine whether neutron diffraction could be used to 
measure the partitioning of applied tensile loads taken up by individual fibers of test strands.  Our 
preliminary results indicated non-uniform load partitioning between the individual wires, underlining 
the importance of precise design and construction of the sockets to ensure good load partitioning. 
In addition, we observed that friction interaction forces between the individual wires was sufficient 
to cause significant load transfer; this factor had been omitted in all past models. These data were 
then used for modelling the stress/strain distribution in bridge cables using finite element analysis. 
In the second, third, and fourth stages of this proposal (LANSCE-LUJAN Proposals LC-2009-659-
A, LC-2009-698-A, LC-2010-705-A, LC-2010-749-A) we were able to improve the samples; refine 
our fabrication technique; and study in situ plastic flow, local fracture, and load redistribution 
between the strands. 
For the fifth experiment, the topic of this chapter, we aim to create a spatially resolved distribution 
of strains along the length of a cable sample with various well-defined confinement forces. Using a 
newly developed aluminum clamp and the 750 mm (29.5 in) sample length available at SMARTS, we 
can quantify the gradient of the stress transfer factor of a broken wire over a length of ca. 380 mm 
(15 in) to show in much greater detail the friction transfer behavior over a significant length of a 
broken wire. We were able to establish that a broken wire within a strand could immediately take up 
its full share of strain within a few centimeters, rather than meters, provided that the system is 
adequately clamped.   
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Specimen Production at Carleton Laboratory 
Modified Socket Fabrication 
One sample was fabricated for this test, based on the standard seven-wire test strand geometry 
previously employed. The specimen was constructed using 5 mm (0.2 in) diameter, galvanized, A-
coat, ASTM A586 steel wire. The outer six wires of the strand were centered at the vertices of a 
regular hexagon (Figure A-1).  The seventh wire was located at the center. Pre-straightened wires 
were used in the strand construction to avoid large scale twisting and pinching along the bundle 
length. As with previous experiments, we maintain the convention for wire naming (Table A-1). As a 
convention, both metric and imperial units are reported, where the actual unit of measure are 
provided first and the converted quantity will be provided in parentheses. 
 
Figure A-1: Schematic of standard parallel seven wire strand used in this investigation; load is applied along the y-
direction. The wires are labeled with respect to the convention outlined in Table 1. The dark blue square shown at the 
centroid of the CF wire is the cross-section of the neutron beam, drawn to scale with respect to the cables (2 by 2 mm2). 
The cable specimen was fabricated in the machine shop of the Carleton Laboratory by laboratory 
staff (Liming Li, Associate Research Scientist and Travis Simmons, Senior Laboratory Technician) 
and the investigators.  The sample was built to the standard specifications of the LANL SMARTS 
beamline, with a gross length of 760 mm (29.9 in) and a net wire length of 383 mm (15.1 in). As 
shown in Figure A-2, the center wire was cut approximately 1/5th of its length away from one of the 




Figure A-2: LANL specimen with a gross length of 760 mm and a net wire length of 383 mm. 
In order to prevent global twisting of the strand, pre-straightened wires were used in this specimen. 
The seven wire strand was captured in the conical cavity of the modified Curtis Universal Joint 
(Model CJ653). The sockets from the previous LANL run were redeployed in this test, as they 
provided even load partitioning. From previous data, this grip configurations are expected to 
provide uniform loading of all continuous wires to a maximum load of 55 kN (12.4 kip). 
Specimen Assembly and Conditioning 
The wires were broomed out and screws and copper wire were inserted to create mechanical 
interference between the wires and prevent wire slip from the grip during loading. The specimen 
was then placed into the Carleton Laboratory’s Instron 1500HDX Universal Testing Machine 
(UTM) and pulled to 20 kN (4.50 kip) of tension, allowing the wires to settle into the grip and 
balance axial stresses amongst the wires (Figure A-3). 
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Figure A-3: Specimen conditioning in Instron 1500HDX Universal Testing Machine. 
This conditioning procedure was developed in past experiments to reduce differential loading 
between the individual wires, caused by local geometric asymmetries such as uneven bending of 
wires, kinks, residual curvature, local mechanical interference, etc. The assembly was cycled from 0 
kN (0 lb) to 20 kN (4496 lb) until the sample elongated to the target gross sample length of 760 mm 
(29.9 in). 
Immediately after conditioning, the two sockets were filled with commercially available ESCO 
Socketfast potting resin and allowed to cure at ambient temperature and humidity conditions. After 




Strain Gage Instrumentation and Data Acquisition 
It became evident in previous experiments that we could gain significant efficiencies by combining 
traditional strain gage instrumentation with neutron diffraction measurements. Only with this hybrid 
approach could we profit from the advantages of both technologies. On one side, strain gages are 
inexpensive, provide temporally resolved measurements, but cannot be used for measurements for 
interior wires. In the case of the 7-wire specimen, only the center wire was surrounded entirely by 
other wires. Hence, all six external wires (CN, CF, TN, TF, BN, BF) could be equipped with 
traditional resistive strain gages. Each radial set of six strain gages will henceforth be referred to as a 
rosette. We used Vishay Micro-Measurements 120 Ω general purpose strain gages1 to instrument the 
sample. The gages measure 5.46 mm (0.214 in) by 1.57 mm (0.062 in); the relatively small amount of 
exposed surface for each wire required the use of these compact gages. 
The origin of the Cartesian coordinate system describing the specimen lies at the location of the 
crack at the centroid of the Center (C) wire’s cross section. The ݕറ axis is oriented down the center of 
the C wire (i.e., parallel to the long axis of the specimen). The three base vectors of the specimen’s 
Cartesian coordinate system can only be defined once the specimen is fixed with respect to the 
incident neutron beam of the SMARTS experiment. 
The convention for strain gage labeling is ܵ௠.௡ where ݉ ൌ wire number, ݊ ൌ strain gage rosette 
number (along ݕറ axis). The wire number was originally arbitrary since the final orientation of the 
sample would not have been known until installation in the SMARTS load frame. Since the main 
goal of this investigation is resolving axial strain/stress transfer over distance, the specimen was 
                                                 
1 Vishay Precision Group EA-06-125BT-120 General Purpose Strain Gage – Linear Pattern, Micro-Measurements, 
Raleigh, NC 
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instrumented with an extremely dense array of strain gages. A total of 66 strain gages were attached 
to the specimen, as outlined in Table A-1. 
Table A-1: Numbering convention and location of strain gage rosettes. The location of the center wire cut (at the origin 
of the coordinate system) as well as the clamp are also noted, for clarity. 
Rosette Number 
(࢔) 
Distance from crack, 
y-axis coordinate 
(mm) 
Distance from crack, 
y-axis coordinate (in)
C wire cut 0 0 
1 10 0.394 
2 20 0.787 
3 30 1.18 
4 50 1.97 
5 70 2.76 
6 80 3.15 
Clamp (centroid) 101 3.98 
7 120 4.72 
8 130 5.12 
9 140 5.51 
10 150 5.91 
11 160 6.30 
The complete specimen in shown in Figure A-4 without the strain gage wires. Once instrumented 
and fully wired, the system became quite cumbersome, as illustrated by Figure A-5. The fragility of 
such a densely instrumented system became quite obvious once it was fully wired up. All strain gage 
connections were covered in Vishay non-conducting epoxy. The strain gage lead wires were 
subsequently grouped per rosette and taped to the specimen to prevent damage to the gage 
connection caused by a wires snagging. 
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(a)   
(b)  
Figure A-4: (a) Test specimen with gross and net lengths of 760 mm (29.9 in) and 383 mm (15.1 in), respectively. The 
strain gages were placed in various rosettes, with one gage oriented axially on each of the outside wires per rosette. 
Gages were placed at distances of 10, 20, 30, 50, 70, 80, 120, 130, 140, 150, and 160 mm (0.394, 0.787, 1.18, 1.97, 2.76, 
3.15, 4.72, 5.12, 5.51, 5.91, and 6.30 in) from the center wire cut. For clarity, the specimen is shown before the strain 
gage wire connections were made. (b) Detail of instrumented section of the cable. The location of the cut center wire is 
under the stainless steel hose clamp located next to the left-most strain gage. The center of the clamp is marked by the 
red line transecting the strand orthogonally. 
 
Figure A-5: Fully instrumented sample with low-resistance strain gage wire connecting each resistive strain gage with the 





Steel (Fe) Saddle Wire Clamp 
Clamp Design 
In past tests, we used a steel saddle clamp (Figure A-6) containing a split aluminum insert with a six-
leaf clover cutout to confine and clamp the seven-wire strand. The nuts of the clamp were torqued 
to 100 lb-ft (135 Nm) with a calibrated torque wrench to ensure identical confinement conditions 
for all test runs. 
 
Figure A-6: Steel saddle clamp with aluminum "cloverleaf" insert. 
 
The saddle clamp is very efficient in providing strong confinement; its nuts can easily be torqued to 
100 lb-ft (135 Nm). However, since the clamp is made of steel, it scatters and strongly attenuates the 
neutron beam and makes neutron diffraction measurements in its vicinity effectively impossible. 
Considering the already restricted sample size, placing a saddle clamp anywhere within the length of 
the specimen would render the entire strand unobservable via neutron diffraction. 
Clamping Force Calibration 
We quantified the actual clamping force on the wires exerted by the steel clamp in a two-step 
process. Firstly, the steel clamp was inserted into the Instron 5984 Universal Testing Machine 
(UTM) at the Carleton Lab and loaded directly by displacing the crosshead of the testing machine. 
The following calibration curve resulted, Figure A-7. 
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Figure A-7: Compressive force (clamping force) vs. resistive strain for steel clamp. The calibration curve shows strong 
linearity. 
This calibration curve yields a calibration constant of 5.9163 lb/με (0.0263 kN/με), allowing us to 
directly monitor the clamping force during the neutron experiment, especially Poisson thinning 
during loading.  
Subsequently, we measured the direct compression force caused by the tightening of the steel bolts 
with a calibrated torque wrench, see Figure A-8. 
 











































This curve provides us with a direct relation between nut tightening force and equivalent clamping 
force: 
 ܨ௖௟௔௠௣ ൌ 59.3߬௕௢௟௧                                                     (1) 
Hence, a 100 lb-ft (135 Nm) equates to a 5930 lb (26.4 kN) compaction force, assuming a straight 
up-down force – as measured in the calibration procedure – parallel to the axis of the threaded 
portions of the U-bolt. 
Aluminum (Al) Wire Clamp 
Clamp Design 
To enable us to perform neutron scattering on a clamped specimen, we developed a novel clamp 
design fabricated entirely of aluminum 6061 alloy (Figure A-9). This clamp allowed the neutron 
beam to pass through the section with minimal attenuation. The clamp is 1 in (25.4 mm) wide (same 
effective clamping area as the steel clamp) and 2 in (50.8 mm) high, with the standard clover-leaf 
cutout used elsewhere in this and previous investigations. The tips of the cloverleaf were ground 
down to prevent the wires from being forced into an unnatural packing state. We have found that 
the clamp acted as an ordering device rather than packing device when the edges were not ground 
down. Inaccuracies in drilling of the cloverleaf – on the order of microns – and variations in wire 
thickness effect a substandard packing regime, which in turn causes significant inaccuracies in the 
friction interaction mechanics between the wires.  
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  (a)    (b)           (c) 
Figure A-9: (a) Isometric view of the aluminum clamp, (b) plan view of the aluminum clamp, and (c) detail of cloverleaf 
cutout with smoothed edges. The cloverleaf cutout is truncated along its horizontal center axis since a gap has to be 
introduced in the cross-section to allow for the confinement force to be transferred by the clamp. 
The bolts and nuts are 3/8”-11, 3” long (φ = 9.525, l = 76.2 mm) alumnum alloy 2024-T4. Their 
yield strength of 255 MPa (37 ksi) is comparable to mild steel; although with a Rockwell hardness of 
B40, they are significantly softer than their steel counterparts. The washers are manufactured from 
aluminum alloy 6061-T6. The entire clamp is therefore made of nonmagnetic, nonferrous material. 
The major limitation of this clamp design is the relatively low torque at which the aluminum bolts 
yield. Practical trials with a calibrated torque wrench showed that the bolts rapidly yielded and 
ruptured in torsion at 45 lb-ft (61 Nm). Accordingly, we limited the applied torque to 40 lb-ft (54 
Nm). We torqued and loosened the clamp ten times to confirm that the bolts could withstand at 
least ten torque cycles without failure; future use of the bolts was limited to five torque cycles. In 
order to prevent any fatigue issues on the beamline, we used new bolts at the LANL beamline. 
The clamp was also instrumented with one set of strain gages on the top fiber of the clamp, called 
CA1 and CB1 for clamp parts A and B, respectively; these gages are designed to measure the axial 
bending stresses in the clamp. A second set of gages was installed immediately above the cloverleaf 
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cutout, oriented in the direction of force application/clamping. These gages are labeled as CA2, CA3 
for the clamp’s A part and CB2, CB3 for the clamp’s B part. 
To complete the setup, the strain gages were wired with Vishay low-impedance wire and connected 
to SCXI-1314 universal strain bridge terminal blocks. A total of 74 strain gages was conditioned by a 
National Instruments SCXI-1000 chassis using three SCXI-1520 8-channel strain conditioners which 
were controlled and digitized by an SCXI-1600 USB data acquisition system (DAQ). 
Clamping Force Calibration 
Having the strain gages directly on the clamp again allowed us to perform a calibration relating both 
measured resistive strain to clamping force on the wire strand as well as bolt torque to clamping 
force on the wire strand. 
To accomplish the former, we placed cut bolts and nuts into the bolt holes to best simulate the 
geometry of the clamp when in service. We then positioned the clamp in the compression platens of 
the Instron 5984 UTM and loaded from 150 lb to 2000 lb (0.67 kN to 8.89 kN) in compression 
(Figure A-10).2 
                                                 
2 Instron Model 5984 Electromechanical Universal Testing Machine, Instron, a subsidiary of International Toolworks 
Inc., Glenview, IL. 
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Figure A-10: Calibration of clamping force exerted by Instron 5984 UTM to strain measured by resistive strain gages 
CA1 and CB1. Further wires can be seen going to strain gages CA2, CA3, CB2, and CB3. The readings from these gages 
were, however, less sensitive to clamping than the aforementioned sensors and were therefore not used in the calibration 
formula. 
  
   (a)       (b) 
Figure A-11: Calibration curve for measured resistive strain vs. clamping force for (a) CA1 and (b) CB1. The trend lines 
for each series are shown as a dashed black line. 
During the calibration run, load was recorded from the Instron UTM, and strain was recorded for all 
applied strain gages (Figure A-11). Gages CA1 and CB1 showed the strongest indication of clamping 


































Subsequently, the clamp was tightened around the actual wire sample. The bolts were tightened to 
the following torques with an instrumented torque wrench and resistive strains were recorded: 15 lb-
ft  25 lb-ft  30 lb-ft  40 lb-ft (20.3 Nm  33.9 Nm  40.7 Nm  54.2 Nm). Each plateau 
represents a specific torque (Figure A-12). The clamp was allowed to rest at each torque, before it 
was tightened further. In this case, commensurate with previous trials, the threaded section of the 
aluminum bolt failed at 45 lb-ft (61.0 Nm). 
(a)      
(b)  
Figure A-12: Data series of measured resistive strain vs. bolt torque for (a) strain gage CA1 and (b) strain gage CB1. 
Merging the two data sets allows us to quantify the relationship between bolt torque and clamping 






































Figure A-13: Calibration curve for bolt torque vs. clamping force for (a) CA clamp component and (b) CB clamp 
component. The trend lines for each series are shown as a dashed black line. 
In conclusion, a clamping force of 40 lb-ft (54 Nm) resulted in an estimated clamping force of 4340 
lb (19.3 kN) and 4010 lb (17.8 kN) when using CA and CB curves, respectively. The mean estimated 
clamping force at 40 lb-ft (54.2 Nm) bolt torque is therefore 4175 lb (18.6 kN). 
Experiments Conducted at LANL SMARTS 
Specimen Installation 
The specimen, as it was fabricated in the Carleton Laboratory, was installed in the clevis & pin 
fixture of the SMARTS Instron Dynamic Universal Testing frame at a 45° angle to the incident 
neutron beam. A plan overview of the experimental setup is shown in Figure A-14. The coordinate 
convention for the experiment is fixed to the cable specimen. The origin of the Cartesian coordinate 
system is at the crack in the center, where the ݕറ axis is along the wire axis. The	ݔറ and ݕറ axes are 






































   (a)      (b) 
Figure A-14: (a) Schematic of the experimental geometry at LANL. Only the central plane which contains the incident 
beam and the ݔറ, ݕറ axes of the sample are shown. (b) Detailed view of the experiment once mounted in the SMARTS 
load frame. The image faces down the ൅ݔറ axis, facing the retracted beam slit. 
 
 
Figure A-15: Panoramic view of the SMARTS cave. The incident beam enters the cave through the channel on the right 
of the image, parallel to ݔറ axis. The specimen is mounted on the SMARTS Instron load frame, located on a servo-
electric stepper motor table at the center of the image. The view is partially obstructed by the shielding curtains that are 
located at approximately right angles to the incident beam. Detector Bank II can be seen to the left of the shielding 
curtain and stepper table. The specimen is located in the center of the picture, with the wires draped down the servo 
table and leading to the SCXI DAQ box located out of frame. 
Measurement Conventions 
Strain Index Transformation 
The coordinate system used here is in the specimen reference frame. It is therefore very important 





that of the specimen. For example, when inputting a displacement command into the servo table, 
the negative of the desired displacement must be entered. The specimen was fixed into the SMARTS 
frame and oriented such that the wires numbers translated as shown in Table A-2. 
Table A-2: Coordinate translation between strain gage wire number (݊) in ܵ௠,௡. By convention, S7, the center wire, is 












The Instron dynamic extensometer3 was attached on the BN wire at ݕ ൌ 158 mm (6.22 in) using 
high-grade elastic bands. This sensor served most importantly as an error check on both the neutron 
strain and resistive strain data, Figure A-16.  
 
Figure A-16: View of clamp at 101 mm distance from the crack and mechanical extensometer attached to the BN wire at 
154 mm from crack. 
 
                                                 
3 Instron Dynamic Extensometer, Catalog Number 2620-603, 10 mm gauge length with ±1 mm travel. 
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It also allows for a fast on-the-fly quantification of the system’s compliance, which is indicative of 
load transfer to the C wire. Two automotive grade stainless steel hose clamps can also be seen on 
the strand; one is fastened directly over the crack at ݕ ൌ	 0 mm (0 in) while the other is attached at 
ݕ ൌ	186 mm (7.32 in). Both hose clamps were tightened snugly with a standard flathead screwdriver. 
They were added to reinforce the tight hexagonal packing order amongst the wires but not provide 
significant clamping. 
Engineering Stress 
For clarity, engineering stress was used for all axial loads, assuming a cross section area of seven wires, 
or 137.45 mm2 (0.21 in2). This assumption is not conservative, as the actual engineering stress is 
increased if the center wire does not carry 100% load. This convention departs from the ORNL 
testing, where we chose to assume a cross section of only 6 wires. It will be important to note this 
difference when comparing data between the two experiments. Still, the use of engineering stress 
provides a conscious safety net in that it prevents the user from loading the system into the plastic 
range. The conversion factor, in this case, from engineering stress to load is   ݇ ൌ 0.1374݇ܰ ܯܲܽൗ  		
(݇ ൌ 0.2129 ݈ܾ ݌ݏ݅ൗ ). The following standard engineering stresses were used as load steps in the 
experiment: 









10 1450 1.374 309 
25 3626 3.435 772 
100 14504 13.740 3089 
175 25382 24.045 5405 
250 36259 34.350 7722 
325 47137 44.655 10039 




Stress Transfer Factor (STF) 
In order to easily quantify the amount of stress transferred from the continuous outer wires (TN, 
TF, CN, CF, BN, and BF) to the center wire, we define the Stress Transfer Factor (STF). It is 
defined as the ratio between the stress in the center wire divided by the mean value of the stress in 
the outer wires. In the elastic regime, this relationship is directly proportional with the ratio of the 
equivalent strain measurements: 
 ܵܶܨ ൌ ఙ೎೐೙೟೐ೝఙഥ೚ೠ೟೐ೝ 	ൌ
ఌ೎೐೙೟೐ೝ
ఌത೚ೠ೟೐ೝ 	                                          (2) 
Consequently, an STF value of 0 denotes no stress transfer while an STF value of 1 denotes 100% 
stress transfer.  
Neutron Strain Measurement 
As in previous experiments, for major configuration change (i.e., change in angle of twist, clamping, 
unclamping, etc.) we performed both an x and z intensity scan to accurately locate the beam volume 
inside the appropriate wire. For the sake of brevity, these scans are omitted from this report, but 
they are performed before each configuration change. 
Once the correct specimen position was verified, we recorded the spallation-neutron scattering 
patterns in both detector banks. For the duration of the experiment, neutron detector bank 1 
(hereafter referred to as Bank 1) resolved transverse strain and neutron detector bank 2 (hereafter 
referred to as Bank 2) resolved axial strain. We used the time-of-flight neutron scattering data to 
create a spectrum, counting neutrons versus atomic plane spacing (Å). The peaks in this spectrum 
denote the atomic plane spacings, dhkl, of particular sets of lattice planes, where h, k, and l denote the 
Miller indices of the diffracting set. Elastic strains naturally cause these spacings to change, shifting 
the peaks of the spectrum. In the case of these measurements, we use the combination of all 
measured dhkl to calculate a, the lattice parameter of the material. Using Rietveld refinement via the 
Los Alamos GSAS program, we calculate the lattice parameters of the BCC ferrite phase of the 
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ASTM A586 steel in the bridge wire in both the axial (ay) and transverse (ax) directions. The axial 
strains can then be computed using the simple equation: ߝ௜௜ ൌ ሺܽ௜ െ ܽ଴ሻ ܽ଴⁄  where ݅ ൌ ݔ, ݕ, ݖ and 
ܽ଴ is the unstressed lattice parameter. In our case, ܽ଴ will be set at a standardized preload. However, 
since all strain calculations are relative, this is permissible as long as said ܽ଴ convention is used 
throughout the experiment. 
After the initial test runs, we found that we could confidently measure axial strain with a resolution 
of 30 microstrain with 1.6 million monitor counts (half an hour of machine time). For this 
experiment, Bank 2 served merely as an internal test, allowing us to confirm Poisson thinning 
ሺߝ௫௫ ൌ ߝ௭௭ ൌ ߥߝ௬௬ሻ in the transverse direction with respect to the more highly-resolved axial lattice 
strain from Bank 1. 
Load Shakedown 
Once the specimen was mounted, it was preloaded to 10 MPa (1.45 ksi). We then performed a load 
shakedown of the specimen to minimize elasto-plastic creep of the socket epoxy and slippage of the 
epoxy-wire interface. The specimen was loaded from 10 MPa (1.45 ksi) to 300 MPa (43.5 ksi). After 
a first shakedown, the sample was visually inspected and the wires were marked at the point where 
they enter the grips.  
The specimen was subsequently clamped with the aluminum clamp at the predefined location of 
ݕ ൌ 101 mm (3.98 in). The bolts were torqued sequentially to 10 Nm  20 Nm  40 Nm (7.38 lb-
ft  14.7 lb-ft  29.5 lb-ft) with a calibrated torque wrench. This torque convention will remain 
unchanged for all other cases involving the Al clamp. The sample was again loaded using the same 
load profile and load and strain were recorded for the BN wire. 
The conditioning run for the unclamped showed only a bit of hysteresis. This behavior can be 
attributed to the elastoplastic creep behavior of the socket epoxy as well as some creep/slippage in 
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the wire-socket interface. Although it is slightly nonlinear, the strain reading of the BN wire returns 
to zero after the loading is complete. Although we have only incomplete information (one known 
strain with six unknown), we can assume somewhat safely that the system did not permanently 
reconfigure during the loading scheme. 
The clamped run (red) load-strain curve, exhibits four distinct regions. Region I at the beginning of 
leading shows a higher stiffness than the unclamped run. This is due to the center wire participating 
in the load-partitioning of the strand. Region II then shows a transition in which the center wire 
starts slipping in the grip, shedding its load share to the surrounding intact wires. This is clearly 
exhibited by the lower slope. Region III. After every major specimen configuration change we 
performed x-axis, y-axis, and z-axis position scans to ensure that the beam volume was centered in 
the target wires. For the sake of brevity, the details of each position scan are not discussed in further 
detail in this report. Since the test frame was operated in load-control, we set interlock limits of 500 
MPa (72.5 ksi) in tension, 5 MPa (0.725 ksi) in compression, and 20 mm (0.787 in) in elongation 
from test start. 
Counting Times Optimization  
After positioning the system, we performed a counting time analysis to quantify the lowest possible 
counting time in order to achieve acceptable neutron strain precision (Figure A-17). We found that 
counting of 1.2 million neutrons was sufficient to achieve 60 microstrain in areas where the beam 
would not penetrate the clamp. A precision of approximately 80 microstrain could be achieved in 
areas where the beam path was not obstructed by the clamp. In order to maximize our neutron time, 
we decided to count 1.2 million neutrons in areas where either the incident or diffracted beam 





Figure A-17: Microstrain error versus counting time (MAH). err_1 shows the error where the beam volume penetrates 
the Al clamp while err_2 shows the error in an Al-free beam path. 
Test Results 
Run 1: Axial Scan of Specimen with Al Clamp 
Scan @ 25, 100, 250, 400 MPa: y = 50, 80, 90, 100, 110, 120, 150 
 
Figure A-18: Axial neutron strains with appropriate error bars for C wire at 25 MPa Tension and clamp tightened. The 






Figure A-19: Axial neutron strains versus position for C and CN wires at 25 MPa, 100 MPa, 250 MPa, and 400 MPa 
tensile (engineering) stress. The shaded area denotes the clamp. 
 
Figure A-20: Stress transfer factor (η) versus axial position with appropriate error bars for C wire at 25 MPa Tension and 




Test 1: Strand Constrained by Three Hose Clamps 
During the first set of measurements, we loaded the specimen in four load steps to 300 MPa (43.5 
ksi) nominal applied stress. This value was computed based on the cross-section of seven intact 
wires. Thus, the actual stress in each wire, assuming uniform load distribution is approximately 350 
MPa (50.8 ksi). The sample was then unloaded in two steps to 50 MPa (7.25 ksi) nominal load. The 
variation of longitudinal and transverse elastic strains obtained from neutron diffraction for y=25 
(0.984 in) and 152 mm (5.98 in) are shown in Figure A-21a-b, respectively. 
 
   (a)      (b) 
Figure A-21: (a) and (b) variation of neutron strain in the wires C and CN of the strand as a function of applied load at 
two locations. Both loading and unloading data are shown. The straight segments are included to aid the eye. 
These data were then used to compute the Poisson’s ratio for the wire CN, ሺߥ஼ேሻ௬, and the stress-
transfer ratio for the wire C, ሺܴܵ௬௬ି஼ሻ௬ : 
 ሺߥ஼ேሻ௬ ൌ ቤ
൫௠೤೤ష಴ಿ൯೤
ሺ௠೥೥ష಴ಿሻ೤ ቤ (1-a) 
 ሺܴܵ௬௬ି஼ሻ௬ ൌ
൫௠೤೤ష಴ಿ൯೤
ሺ௠೥೥ష಴ಿሻ೤  (1-b) 
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The terms ሺ݉௜௜ି௞ሻ௬ refer to the slopes of linear regression-fits to ߝ௜௜ vs. applied load plots measured 
for the ݇th wire at position ݕ. 
The variation of ݉௬௬ି஼ and ݉௭௭ି஼ with position along the strand axis is shown in Figure A-22a. 
These data can be used as a test of the experiment. It is seen that the axial and transverse mechanical 
response of the CN wire is uniform along its length and, since each position is a separate loading-
unloading cycle, this response is uniform with cyclic loading. The Poisson’s ratio with position 
shows larger scatter-error bars in for these data points were computed from the corresponding error 
bars of the corresponding  ݉௬௬ି஼ and ݉௭௭ି஼ values. However, the mean value of   is 0.32±0.03 
which shows good agreement with published values (0.3) for this steel.  
The variation of the stress transfer coefficient, ܴܵ௬௬ି஼ , with position along the strand axis is shown 
in Figure A-22b.  The intercept and slope of this line are 0.08±0.01, 0.0003±0.0001, respectively. 
Using these values, the distance over which the wire would take up its full share of the applied load 
is approximately 3 m (118 in). 
 
   (a)      (b) 
Figure A-22: (a) Strain response of wire CN as a function of position. The straight segments are included to aid the eye.  
(b): Variation of the stress transfer coefficient, ܴܵ௬௬ି஼ , as a function of position for the center wire. In both plots the 
crack in the center wire is at ݕ ൌ	0. 
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Test 2: Strand Constrained by One Saddle Clamp 
The geometry in this experiment is shown in Figure A-24. The saddle clamp was located at ݕ ൌ 120 
mm (4.72 in). Both nuts on the saddle-clamp U-bolt were torque to 50 lb-ft (67.8 Nm) using a 
torque wrench. The applied stress vs. lattice strain response of the C and CN wires were measured 
on both sides of the saddle clamp. These data are shown in Figure A-23 for ݕ ൌ	20 and 30 mm 
(0.984 and 1.18 in), which correspond to locations between the crack and the clamp, and for ݕ ൌ 
140 and 150 mm (5.51 and 5.98 in) for locations between the clamp and the grip.  For the first three 
locations, ݕ ൌ 20, 30, 140, (0.984, 1.18, 5.51 in) the strand was loaded to 300 MPa (43.5 ksi) in two 
load steps and unloaded back to 50 MPa (7.25 ksi) in one step. For the last position, ݕ ൌ 150 mm 
(5.91 in), the strand was loaded to 550 MPa (79.8 ksi) in three steps and unloaded back to 50 MPa 
(7.25 ksi) in two steps. 
 
Figure A-24: Experimental geometry with the strand clamped at y= 120 mm (4.72 in) with a saddle clamp. 
Figure A-25a,b shows that the load vs. lattice strain response of the central wire between the crack 
and the clamp is similar to the response of  this wire when the strand was constrained by hose 
clamps only (Figure A-21a,b). This is expected since there can be no axial load transmitted across 
the crack surface and there is not enough surface contact between the central wire and the 
peripheral wires to transfer the load through shear.  At locations between the clamp and the grip, 
Figure A-25c,d, efficient load transfer to the center wire is observed for loads below 300 MPa (43.5 
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ksi). This indicates that the friction between the central wire and the peripheral wires at the clamp 
location must be significantly enhanced by the radial clamping force (region I in Figure A-25d).  
 
   (a)      (b) 
 
   (c)      (d) 
Figure A-25: Variation of the elastic lattice strain with applied load in wires C and CN with a saddle clamp at ݕ ൌ	120 
(4.72). The locations between the crack and the clamp, plots a,b are similar to the response when the strand was 
constrained by hose clamps. At locations between the clamp and the grip, c,d, efficient load transfer to the center wire is 
observed for loads below 300 MPa (43.5 ksi). If the load is increased above this value (d) the clamp can no longer hold 
and no further load can be transferred to the center wire. The loading-unloading plot curve exhibits hysteresis in this 
case. 
When the applied load was increased from 300 MPa (43.5 ksi) to 400 MPa (58 ksi) (Region II), 
significant reduction in the load transfer to the central wire was observed; the slope of the lattice 
strain vs. applied load trace in this region was 1/4th of region I. This indicates slippage within the 
strand under the grip. Between 400 and 550 MPa (58 and 79.7 ksi) (Region III), the slope of the 
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lattice strain vs. applied load trace is zero (-0.1±0.1). The strand unloaded elastically to 300 MPa 
(43.5 ksi) (region IV). Upon further unloading (from 300 to 50 MPa) further slippage was observed.  
At 50 MPa (7.25 ksi) the wire is under -200 microstrain since the clamp constrains the central wire 
from slipping back to its original starting position. The CN wire is under -400 microstrain, indicating 
that the load partitioning within the strand is inhomogeneous after slippage; these elastic strains 
must be balanced in the remaining six wires of the strand. 
Figure A-26 shows the variation of the strain transfer ratio along the wire for the clamped condition.  
As expected from the discussion above the wire sections on both sides of the clamp are under very 
different elastic loads. We could not measure the strain transfer directly under the clamp due to the 
absorption of the neutron beam in the clamp components. Thus, the variation of the load uptake 
with distance after the clamp could not be precisely determined. In addition, due to time constraints, 
we could not measure more points. Thus, we could not investigate if there was higher load uptake in 
the central wire between the crack and the clamp due to possible mechanical interference in the 
tightly clamped wires. We hope to address these issues in a future experiment. 
 
Figure A-26: Variation of the stress transfer coefficient, ܴܵ௬௬ି஼ , as a function of position for the center wire when a 
clamp is used to constrain the strand at ݕ ൌ 120 mm (4.72 in). 
Conclusions 
Our results indicate that a broken wire within the strand can immediately take up its full share of 
strain within a few centimeters if a clamp with an adequate clamping force is present. In an actual 
176 
cable two clamps, one for each side of the break, must be used. Any repair methods that decrease 
the coefficient of friction within the cable will serve to defeat the friction mechanism and should not 
be employed. This discovery is of pivotal importance to the bridge industry as it will shift the 
fundamental strategy of bridge inspection and maintenance. Any repair methods that decrease the 
coefficient of friction within the bridge cable would serve to defeat the friction mechanism and 
should not be employed. Instead the focus of bridge maintenance, upon discovery of statistically 
significant wire breakage, should be to maintain strong clamping force rather than disturb the cross 
section and splice single wires into the full cable. 
We note that the effect of clamping can be measured without neutron diffraction. The compliance 
of the strand is lower for the clamped conditions. If homogeneous distribution of load in all 
components is assumed, the load uptake within the inner wire can be calculated. It can be possible 
to instrument the outer wires and relax this assumption. Thus, preliminary in-house experiments can 
be carried out. However, since location-specific measurements from the inner wire are not possible, 
neutron diffraction analysis is still required. 
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APPENDIX B. ORNL I EXPERIMENT REPORT: EFFECT OF WIRE 
TWIST ON STRAIN TRANSFER IN SHORT SEVEN-WIRE 
STRAND 
Abstract 
In the first stage of this investigation (LANSCE-LUJAN Proposal LC-2008-622-A), we conducted 
feasibility experiments to determine whether neutron diffraction could be used to measure the 
partitioning of applied tensile loads taken up by individual fibers of test strands.  Because the 
experiments were successful, we had enough neutron intensity to penetrate the strand cross-section 
and obtain information from the inner wire. Our results indicated non-uniform load partitioning 
between the individual wires. We also discovered that the construction of the sockets was important 
in load partitioning. In addition, we observed that friction interaction forces between the individual 
wires was sufficient to cause significant load transfer; this factor had been omitted in all past models. 
These data were then used for modelling the stress/strain distribution in bridge cables using finite 
element analysis. In the second, third, and fourth stages of this proposal (LANSCE-LUJAN 
Proposals LC-2009-659-A, LC-2009-698-A, LC-2010-705-A, LC-2010-749-A) we were able to 
improve the samples; refine our fabrication technique; and study in situ plastic flow, local fracture, 
and load redistribution between the strands.  
For the fifth experiment from our proposal, LC-2012-4125-A, we were able to establish that a 
broken wire within a strand could immediately take up its full share of strain within a few 
centimeters, rather than meters, provided that the system is adequately clamped. This discovery is of 
pivotal importance to the bridge industry as it will shift the fundamental strategy of bridge 
inspection and maintenance. Any repair methods that decrease the coefficient of friction within the 
bridge cable would serve to defeat the friction mechanism and should not be employed. Instead the 
focus of bridge maintenance, upon discovery of statistically significant wire breakage, should be to 
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maintain strong clamping force rather than disturb the cross section and splice single wires into the 
full cable. 
This chapter summarizes the experimental work carried out in the sixth stage of project, performed 
largely at the VULCAN Engineering Materials Diffractometer of the Oak Ridge National 
Laboratory’s (ORNL) Spallation Neutron Source (SNS). A parallel seven-wire specimen with a net 
wire length of 90 mm (3.5 in) was fabricated and instrumented at the Carleton Laboratory. Neutron 
diffraction experiments were performed from 28 November 2013 to 1 December 2013 at 
VULCAN, using the beamline’s unique axial-torsion test frame. The effects of wire twist on 
suspension bridge wire bundles were investigated. 
Specimen Production at Carleton Laboratory 
Modified Socket Fabrication 
One sample was fabricated for this test, based on the standard seven-wire test strand geometry 
previously employed. The specimen was constructed using 5 mm (0.2 in) diameter, galvanized, A-
coat, ASTM A586 steel wire. The outer six wires of the strand were centered at the vertices of a 
regular hexagon (Figure B-1). The seventh wire was located at the center.  To avoid large scale 
twisting and pinching along the bundle length – due to the manufacturing process of the wire – pre-
straightened wires were used in the strand construction. As with previous experiments, we maintain 
the following convention for wire naming (Table B-1). 
As a convention, both metric and imperial units will be reported in this text, where the actual unit of 
measure will be provided first and the converted quantity will be provided in parentheses. 
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Figure B-1: Schematic of standard parallel seven wire strand with user coordinates used for the ORNL I experiments; 
load is applied along the ݕ-direction. 




C Blue Center wire in strand 
CN Green Center stack wire near incident neutron beam  
CF Cyan Centered stack wire far from incident neutron beam 
TN Red Top cord wire near incident neutron beam 
TF Black Top cord wire far from incident neutron beam 
BN Magenta Bottom cord wire near incident neutron beam 
BF Yellow Bottom cord wire far from incident neutron beam 
 
The cable specimen was fabricated in the machine shop of the Carleton Laboratory by laboratory 
staff (Liming Li, Associate Research Scientist, and Travis Simmons, Senior Laboratory Technician) 
and the investigators, Figure B-2. Due to the extremely short sample capacity of only 380 mm (15 
in) advertised by the ORNL VULCAN beamline staff, we had to redesign our sockets entirely to 
maximize net sample length (bridge wire vs. socket) as well as allow for torsional load transfer into 
the socket. The previously utilized setup, as tested at the Los Alamos National Laboratory’s (LANL) 
SMARTS beamline (Figure B-1), shows a sample with a Curtis universal joint (Curtis Model CJ653) 
on each side of the wire specimen. Unfortunately, the ORNL load frame could not accommodate 
samples of this length at the time of deployment. 
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Figure B-2: Previously tested wire sample with gross and net lengths of 740 mm and 380 mm (29 and 15 in), 
respectively. 
The sockets were modified as follows. Firstly, the outer half of the universal joint was replaced by a 
30 mm (1 in) diameter and 40 mm (2 in) long male plug that mates with the precision collets of the 
VULCAN load frame (Figure B-3a). This modification reduced the fixture length by approximately 
100 mm (3.9 in) while retaining the biaxial pivot capability of each of the joints. 
    
   (a)      (b)   (c) 
Figure B-3: (a) Half-universal joint with new pivoting plug designed to mate with the ORNL collet sockets, (b) detail of 
the "cloverleaf" hole to restrain the wires in torsion, and (c) detail of socket being chamfered to minimize interference by 
the sockets on the neutron beam. 
Secondly, to restrain the wires in torsion and to prevent failure and delamination of the socket epoxy 
plug, the hole was modified from a circle to a six-leaf clover shape, the outline of six-5 mm (0.2 in) 
diameter circles in tight hexagonal packing surrounding a seventh 5 mm (0.2 in) wire at its core 
(Figure B-3b). The diameter of the drill used in the cloverleaf was dimensioned such that each hole 
would provide a slip-critical orifice for one wire. In other words, a wire could barely be pushed 
through the hole. This clover shape locked the wires in place along the y-bending axis (long-axis 
torsion), efficiently transferring the moment caused by sample twist from the wires into the socket 
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steel rather than the epoxy plug. It is critical that the sockets perform this duty, as the socket epoxy 
is designed to resist only compression in the conical bore – i.e., tension in the wire specimen – but 
neither shear nor twisting. Neglecting torsion transfer would likely have led to premature socket 
failure during testing. The sockets were expected to provide uniform loading of all wires up to a 
maximum axial load of 55 kN (12 kip) and a simultaneous torsional moment of 100 Nm (70 lb-ft). 
Thirdly, the front of the universal joints were chamfered at a 60° angle to maximize the length of the 
cable available to be targeted by the neutron beam without interfering with the socket. 
Finally, the angle of the internal conical cavity decreased from 22.5° to 10.0° off the y-axis. This was 
done to maximize the volume of socket epoxy in compression and reduce the angle-changes at the 
beginning and end of the conical section. This modification aims to reduce the possibility of the 
resin puck disengaging the steel socket cavity or cracking due to abrupt curvature discontinuities at 
internal edges. The final socket design can be seen in Figure B-4.  
 
 
Figure B-4: Drawing of modified socket with mating puck. All dimensions in millimeters. 
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Specimen Assembly and Conditioning 
The sockets were assembled with seven ASTM A586 steel wires. The center wire was cut at 25 mm 
(0.98 in.) from the end of the net section (i.e., inner limit of socket). The wires were then broomed 
out to form a specimen with a target gross length of 300 mm (11.8 in), allowing 80 mm (3 in) of 
extension during conditioning; 297 mm (11.7 in) were achieved after brooming. To increase the 
mechanical interference between wire strands and the conical surface during preloading, loose wires 
and a screw were inserted into the socket cavity (Figure B-5). 
 
Figure B-5: View down y-axis (long axis) of cable specimen showing the conical socket bore, broomed out wires, and 
screws inserted to maximize mechanical interference. 
The specimen was then placed into the Carleton Laboratory’s Instron 1500HDX Universal Testing 
Machine (UTM) and pulled to 20 kN (4 kip) of tension, allowing the wires to settle into the sockets 
and evenly partition axial stresses amongst the wires (Figure B-6). This conditioning procedure was 
developed in previous experiments to reduce differential loading between the individual wires, 
caused by local geometric asymmetries such as uneven bending of wires, kinks, residual curvature, 
local mechanical interference, etc. The assembly was loaded cyclically from 0 kN to 20 kN (0 to 4 
kip) until it elongated 83 mm (3.3 in) to the target gross sample length of 380 mm (15 in). 
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Figure B-6: Specimen conditioning in Instron 1500HDX Universal Testing Machine. The broomed out wires can be 
seen sticking out of the universal joints. 
In contrast with circular socket holes, cloverleaf orifices were critically dimensioned, closing any 
voids and preventing wires and other interference materials from escaping the socket. Although 
necessary to facilitate torsion transfer, the cloverleaf may reduce the degree of axial mechanical 
interference present in the circular-hole samples, where wire and screws could be pulled into the tip 
of the cone and, in some cases, outside the sockets. Even though this provided an extremely stiff 
“dry grip” before socketing, achieving even load partitioning was a challenge. 
Immediately after conditioning, the two sockets were filled with commercially available ESCO 
Socketfast potting resin and allowed to cure at ambient temperature and humidity conditions. After 




Strain Gage Instrumentation and Data Acquisition 
It became evident in previous experiments that we could gain significant efficiencies by combining 
traditional strain gage instrumentation with neutron diffraction measurements. Only with this hybrid 
approach could we profit from the advantages of both technologies. On one side, strain gages are 
inexpensive, provide temporally resolved measurements, but cannot be used for measurements for 
interior wires. In the case of the 7-wire specimen, only the center wire was surrounded entirely by 
other wires. Hence, all six external wires (CN, CF, TN, TF, BN, BF) could be equipped with 
traditional resistive strain gages. We used Vishay Micro-Measurements 120 Ω general purpose strain 
gages to instrument the sample. The gages measure 5.46 mm (0.214 in) by 1.57 mm (0.0618 in); the 
relatively small amount of exposed surface for each wire required the use of these compact gauges. 
Due to the extreme spatial constraints in sample geometry, we instrumented the specimen with only 
three sets of strain gages in a radial arrangement of six gages, one per wire, as shown in Figure B-7. 
The convention for strain gage labeling is ܵ௠.௡ where ݉ ൌ wire number, ݊ ൌ strain gage y-axis 
location index. The wire number was originally arbitrary since the final orientation of the sample 
would not be known until installation in the VULCAN load frame. The clamp was also 
instrumented with one strain gage on the top fiber of the clamp, called CA1 and CB1 for clamp 
parts A and B, respectively; these gages are designed to pick up the axial bending stresses in the 
clamp. A second set of gages was installed immediately above the cloverleaf cutout, oriented in the 
direction of force application and clamping. These gages are labeled as CA2, CA3 for the clamp’s A 
part and CB2, CB3 for the clamp’s B part. The complete specimen is shown in Figure B-8, for 
clarity, before the strain wire leads were soldered onto the gages. 
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Figure B-7: Arrangement of clamp and three strain gage sets. All strain gages are oriented parallel to the y-axis. The crack 
is located 25 mm from one socket. 
 
Figure B-8: ORNL specimen after application of strain gages, for clarity, shown before sensor wiring. 
To complete the setup, the strain gages were wired with Vishay low-impedance wire and connected 
to SCXI-1314 universal strain bridge terminal blocks. A total of 24 strain gages was conditioned by a 
National Instruments SCXI-1000 chassis using three SCXI-1520 8-channel strain conditioners which 
were acquired by a 16-bit SCXI-1600 USB analog-digital converter. 
Previous Wire Clamps 
A variety of clamps have been used in previous experiments to force the wires into tight hexagonal 
packing and, in some cases, exert significant force onto the wire cross section. In past tests, we used 
a steel saddle clamp (Figure B-9) containing a split aluminum insert with a six-leaf clover cutout to 
A B 
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confine and clamp the seven-wire strand. These clamps allowed for a relatively high compression 
force, approximately 6000 lb (30 kN), to be transferred onto the wire cross section.. 
 
Figure B-9: Steel saddle clamp with aluminum "cloverleaf" insert. 
 (a)   
(b)  
Figure B-10: (a) Test specimen with gross and net lengths of 760 mm (29.9 in) and 383 mm (15.1 in), respectively. The 
strain gages were placed in various rosettes, with one gage oriented axially on each of the outside wires per rosette. 
Gages were placed at distances of 10, 20, 30, 50, 70, 80, 120, 130, 140, 150, and 160 mm (0.394, 0.787, 1.18, 1.97, 2.76, 
3.15, 4.72, 5.12, 5.51, 5.91, and 6.30 in) from the center wire cut. For clarity, the specimen is shown before the strain 
gage wire connections were made. (b) Detail of instrumented section of the cable. The location of the cut center wire is 
under the stainless steel hose clamp located next to the left-most strain gage. The center of the clamp is marked by the 
red line transecting the strand orthogonally. 
The main drawback of this clamp design is that it is bulky and made of steel, scattering and 
attenuating the incident neutron beam and creating a dead zone around the clamp where no neutron 
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measurements can be made with acceptable counting statisticsThe large steel clamps were therefore 
augmented with stainless steel hose clamps (Figure B-10) as well as aluminum wire guides, both 
designed to force the bridge wire in its tight hexagonal packing regime while enacting only negligible 
confinement forces. 
Aluminum (Al) Wire Clamp 
In the LANL V experiment, the steel wire clamp was augmented with a novel custom-designed 
Aluminum wire clamp with a cloverleaf cutout (Figure B-11). This clamp permits the in situ 
measurement of strains inside the clamp, allowing the complete quantification of strain pickup with 
respect to distance from the break. This clamp was again instrumented with strain gages and 
calibrated to allow us to quantify the confinement force exerted on the strand cross section. In this 
experiment, this same clamp was again employed as an ordering device during fabrication as well as 
a control during initial setup and measurement in the untwisted configuration. An exhaustive 
description of the clamp can be found in the previous chapter detailing the work performed in the 
LANL V deployment. 
        
  (a)    (b)           (c) 
Figure B-11: (a) Isometric view of the aluminum clamp, (b) plan view of the aluminum clamp, and (c) detail of cloverleaf 
cutout with smoothed edges. The cloverleaf cutout is truncated along its horizontal center axis since a gap has to be 
introduced in the cross-section to allow for the confinement force to be transferred by the clamp. 
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Experiments Conducted at ORNL VULCAN 
Specimen Installation and Load Shakedown 
The specimen was installed in the collet sockets of the VULCAN MTS torsion frame inside the 
cave, the shielded area in where the neutron beam is allowed to interact with the specimen. It was 
mounted at a 45° angle to the incident neutron beam. A plan overview of the experimental setup is 













   (a)       (b) 
Figure B-12: (a) Schematic of the experimental geometry at VULCAN. Only the central plane which contains the 
incident beam and the x, y axes of the sample are shown. (b) Photograph showing specimen mounted in collet sockets; 
the photograph is oriented in the positive x-axis. 
Once clamped, we performed a load shakedown of the specimen to minimize elasto-plastic creep of 
the potting epoxy and slippage of the epoxy-wire interface. The specimen was loaded from 6 kN 
(1000 lb) to 21 kN (4700 lb) and cycled two times until slippage was minimized for the target load of 
18 kN (4000 lb). After a first shakedown, the sample was visually inspected and the wires were 
marked at the point where they enter the sockets. The sample was reloaded slowly to 18 kN (400 lb), 
where the specimen showed no noticeable slippage. It was then loaded to 21 kN (4700 lb), where 
the specimen exhibited some finite slippage. After the initial shakedown, where the wires enter the 




Figure B-13: Detail of marked wire-socket interface. The numbers with arrows indicate the local wire coordinate system 
for the strain instrumentation. 
Measurement Conventions 
Engineering Stress 
For clarity, engineering stress was used for all axial loads, assuming a cross sectional area of six wires, 
or 117.81 mm2 (0.183 in.2). This assumption is conservative, as the actual engineering stress is 
reduced when the surrounding wires transfer any load to the center (cracked) wire. Additionally, the 
use of engineering stress provides a conscious safety net in that it prevents the user from loading the 
system into the plastic range. The conversion factor, in this case, from engineering stress to load is 
0.1178݇ܰ ܯܲܽൗ . The following engineering stresses were used as load steps in the experiment, 
Table B-2: Standard load steps in engineering stress and measured tension force (per MTS frame).  
After every major specimen configuration change – addition or removal of clamp, change in 
torsional moment, etc. – we performed x-axis, y-axis, and z-axis position scans to ensure that the 
beam volume was centered on the target wires. Whenever we changed just the torsion moment, we 
omitted the y-axis scan, but performed both x-axis and z-axis scans. For the sake of brevity, the 
details of each position scan are omitted hereafter, unless relevant to the discussion.  
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During the initial position scans and exploratory runs to establish our neutron counting rates, we 
discovered that the Center Near (CN) wire diffraction spectrum was contaminated by an aluminum 
peak from the clamp. We then moved the beam volume 1.0 mm (0.039 in.) towards the Center (C) 
wire to avoid this contamination. The subsequent run confirmed that this correction resolved the 
contamination issue. 
Stress Transfer Factor (STF) 
In order to easily quantify the amount of stress transferred from the continuous outer wires (TN, 
TF, CN, CF, BN, and BF) to the center wire, we define the Stress Transfer Factor (STF). It is 
defined as the ratio between the stress in the center wire divided by the mean value of the stress in 
the outer wires. In the elastic regime, this relationship is directly proportional with the ratio of the 
equivalent strain measurements: 
 ܵܶܨ ൌ ఙ೎೐೙೟೐ೝఙഥ೚ೠ೟೐ೝ 	ൌ
ఌ೎೐೙೟೐ೝ
ఌത೚ೠ೟೐ೝ 	      (2) 
Consequently, an STF value of 0 denotes no stress transfer while an STF value of 1 denotes 100% 
stress transfer.  
Neutron Strain Measurement 
As in previous experiments, for major configuration change (i.e., change in angle of twist, clamping, 
unclamping, etc.) we performed both an x and z intensity scan to accurately locate the beam volume 
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inside the appropriate wire. For the sake of brevity, these scans are omitted from this report, but 
they are performed before each configuration change. 
Once correct specimen position was verified, we recorded the spallation-neutron scattering patterns 
in both detector banks. For the duration of the experiment, neutron detector bank 1 (hereafter 
referred to as Bank 1) resolved axial strain and neutron detector bank 2 (hereafter referred to as 
Bank 2) resolved transverse strain. We used the time-of-flight neutron scattering data to create a 
spectrum, counting neutrons versus atomic plane spacing (Å). The peaks in this spectrum denote the 
atomic plane spacings, dhkl, of particular sets of lattice planes, where h, k, and l denote the Miller 
indices of the diffracting set. Elastic strains naturally cause these spacings to change, shifting the 
peaks of the spectrum. In the case of these measurements, we use the combination of all measured 
dhkl to calculate a, the lattice parameter of the material. Using Rietveld refinement via the Los Alamos 
GSAS program, we calculate the lattice parameters of the BCC ferrite phase of the ASTM A586 
steel in the bridge wire in both the axial (ay) and transverse (ax) directions. The axial strains can then 
be computed using the simple equation: ߝ௜௜ ൌ ሺܽ௜ െ ܽ଴ሻ ܽ଴⁄  where ݅ ൌ ݔ, ݕ, ݖ and ܽ଴ is the 
unstressed lattice parameter. In our case, ܽ଴ will be set at a standardized preload. However, since all 
strain calculations are relative, this is permissible as long as said ܽ଴ convention is used throughout 
the experiment. 
After the initial test runs, we found that we could confidently measure axial strain with a resolution 
of 30 microstrain with 1.6 million monitor counts (half an hour of machine time). For this 
experiment, Bank 2 served merely as an internal test, allowing us to confirm Poisson thinning 
ሺߝ௫௫ ൌ ߝ௭௭ ൌ ߥߝ௬௬ሻ in the transverse direction with respect to the more highly-resolved axial lattice 




0° Angle of Twist – Unclamped  
The initial axial-only scan without a clamp served as a control run, a basis of comparison for future 
runs. In order to prevent major geometric and beam transmission configuration changes, the clamp 
was not removed from the specimen. Instead, the bolts were loosened, the top portion of the clamp 
(Side B) allowed to rest on the wire cross section. The bottom part of the clamp (Side A) was 
allowed to hang from the loose fasteners, but was not in contact with the cable section. 
The specimen was first pre-loaded with 10 MPa, position scans were performed, and the system 
subsequently loaded at a rate of 100 N/s (≈850 kPa/s) in load control and held at each load in order 
to perform 1.6 million counts. The following loading steps were chosen: 102575100125 
1501251005010 MPa (1.43.610.914.5 18.121.818.114.57.21.4 ksi).  
The first run yielded the following neutron strain results (Figure B-14). Upon inspection, the data 
passed the Poisson ratio self-test. As expected, the center wire carried a negligible 6% of the stress 
of surrounding wires. 
  
   (a)      (b) 
Figure B-14: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of unclamped 
specimen at 0° angle of twist (0 Nm initial torsion). 
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Interestingly, we discovered the clamp Side B tightly engaged the top half of the wires. The clamp 
nestled itself into position during the loading run, once the wires straightened, and thinned due to 
Poisson thinning. When the system was unloaded, the clamp mechanically interfered with the wire 
bundle and was locked into place. Clamp Side B was mechanically engaged with the wires such that 
it required a firm pull by hand to pop it off the wire strand. 
0° Angle of Twist – Aluminum Clamp (Al) 
After the system was completely unloaded to 0 MPa, the clamp was tightened with an calibrated 
torque wrench, increasing the torque successively from 0 lb-ft to 10 lb-ft, 20 lb-ft, 30 lb-ft, and 
finally to 40 lb-ft (0 Nm  13.6 Nm  27.1 Nm  40.7 Nm  54.2 Nm).  
The sample was subsequently loaded in the following steps: 102575100125150175 
125755010 MPa (1.43.610.914.5 18.121.825.418.110.87.21.4 ksi).   
The loading of this and all subsequent runs is 100 N/s (≈850 kPa/s). The resulting lattice strains 
(Figure B-15) show that the aluminum clamp transferred 36% of the strain to the broken wire, a 
significantly lower fraction when compared to the steel saddle clamp, which was previously tested. 
  
   (a)      (b) 
Figure B-15: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of clamped 
specimen at 0° angle of twist (0 Nm initial torsion). 
Figure B-16 provides a comparison of results between single peak (110) and Rietveld refinement. All 
subsequent lattice strains will be calculated by Rietveld refinement. 
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Figure B-16: Comparison of refinements for clamped case, Rietveld vs. Single Peak (110). 
The data acquisition system dropped communication with the laptop five times, resulting in a loss of 
the strain data. 
2° Angle of Twist – Unclamped 
Since the VULCAN frame has not yet developed a dependable library of PID coefficients for 
samples of differing compliances, we were advised to perform all torsional loading in angle control. 
The angle was increased to the target in 0.1° increments. The target angle of 2° resulted in an initial 
torsion of 13.75 Nm (10.14 lb-ft); however, due to the fact that the system was in angle control, the 
initial torsion decayed as the wires slipped through the socket epoxy and partially relaxed the torsion 
in the specimen. The specimen was subsequently loaded in the following load steps: 25 MPa (3.6 ksi) 
 50 MPa (7.2 psi)  75 MPa (11 ksi)   100 MPa (14.5 ksi)  125 MPa (18.1 ksi) 150 MPa 
(21.8 ksi)  175 MPa (25.4 ksi) 125 MPa (18.1 ksi) 75 MPa (11 ksi) 50 MPa (7.2 ksi) 25 
MPa (3.6 ksi). The preload was increased from 10 MPa (1.5 ksi) to 25 MPa (3.6 ksi) in an effort to 
maintain the geometry of the system and prevent significant reconfiguration. 
The resulting lattice strains can be seen in Figure B-17. The 2° angle of twist was apparently 
insufficient to cause mechanical interference and contact friction to transfer significant load; a stress 
transfer of only 5% is observed. 
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   (a)      (b) 
Figure B-17: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of unclamped 
specimen at 2° angle of twist (13.8 Nm initial torsion). 
The recorded physical strains provided insight into the slippage behavior of the system at the higher 
loads (Figure B-18). Further investigation and decomposition of the entire system is still required to 
parameterize the behavior into axial socket slippage, torsional socket slippage, geometric 
reconfiguration, and possibly other effects. These will be performed later in this work. The initial 
readings were lost due to a latent communication error between the data logging laptop and the 
SCXI signal conditioning unit. The strain data are therefore demeaned at the start of acquisition at 
75 MPa (11 ksi). 
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Figure B-18: Resistive strain time histories for the 2° angle of twist unclamped run for (a) Rosette #1, (b) Rosette #2, 




4° Angle of Twist – Unclamped 
The angle of twist was subsequently increased from 2° to 4°. The specimen was loaded in the same 
13 loading steps as the 2° run. The stress transfer increased from 5% to 9%, see Figure B-19. 
  
   (a)      (b) 
Figure B-19: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of unclamped 
specimen at 4° angle of twist (22.6 Nm initial torsion). 





Figure B-20: Resistive strain time histories for the 4° angle of twist unclamped run for (a) Rosette #1, (b) Rosette #2, 
and (c) Rosette #3. The BF gage in Rosette #1 failed and is therefore not shown. 
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8° Angle of Twist – Unclamped 
We decided to accelerate the angle of twist from 4° to 8° to find the angle at which the wires 
mechanically interfere with one another. The specimen was again loaded in the same 13 loading 
steps as the 4° run. However, at 8°, the cut wire maintained the same load as in the 4° case (Figure 
B-21).  
 
   (a)      (b) 
Figure B-21: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of unclamped 
specimen at 8° angle of twist (41.0 Nm initial torsion). 
The strain record for this test is fully intact, see Figure B-22. Note that the system “creeps” about 80 
microstrain in half an hour when at 175 MPa (25.8 ksi). We postulate that this time-dependent 
change in strain was caused by reconfiguration of the wires due to slippage in the socket epoxy and 
with respect to one another. This elastomeric creep caused certain wires to pull out of the epoxy 
sockets more than others, causing them to relax and shed load to their neighbors. However, the steel 
wire itself did not experience creep. Furthermore, slippage may also occur along the entire wire-wire 






Figure B-22: Resistive strain time histories for the 8° angle of twist unclamped run for (a) Rosette #1, (b) Rosette #2, 
and (c) Rosette #3. The BF gage in Rosette #1 and is therefore not shown. 
The test was performed in axial load control and angle control. ASTM A586 steel does not creep at 
room temperature, the sample is in the elastic regime, and the load is constant; therefore, it can be 
said with certainty that axial-load induced strains will remain globally constant. All changes in strain 
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were caused by load re-partitioning in the strand. This is, however, not the case for strain caused by 
torsional moment. Since the test was performed in angle control, the effective torque is not constant 
with respect to time, mostly due to the slippage of the wires in the socket epoxy and creep of the 
socket epoxy itself. Unlike strains induced by axial force, strains induced by torsion were not 
conserved in this experiment. 
Tuning of the ORNL VULCAN frame should enable us to perform future testing in both load and 
torsion control. Barring large geometric changes in the sample, this should allow us to maintain a 
constant global strain during the dwell times in the loading scheme. 
16° Angle of Twist – Unclamped 
To find the critical point where mechanical interference is sufficiently high enough to cause 
significant load transfer from the peripheral wires to the cut center wire, we doubled the angle of 
twist from 8° to 16° and loaded the system in a “fast” run: 25 MPa (3.6 ksi) 100 MPa (14.5 ksi)  
100 MPa (14.5 ksi)   25 MPa (3.6 ksi). The resulting stress transfer was higher at 10%, Figure B-
23. 
  
   (a)      (b) 
Figure B-23: “Fast” scan with limited load resolution; (a) longitudinal lattice strain and (b) transverse lattice strain vs. 
applied engineering stress of unclamped specimen at 16° angle of twist (72.1 Nm initial torsion). 
Unlike the STF, the slippage behavior of the wires increased noticeably. The most aggressively 
slipping wires are now drifting by approximately 100 microstrain at 175 MPa (25.4 ksi), Figure B-24. 
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The slippage and resulting geometric reconfiguration of the wires was also apparent after the system 
was unloaded. The system stored up to 180 microstrain in strain energy for some wires (in 




Figure B-24:  Resistive strain time histories for the 16° angle of twist unclamped run for (a) Rosette #1, (b) Rosette #2, 
and (c) Rosette #3. The BF gage in Rosette #1 and is therefore not shown. 
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24° Angle of Twist – Unclamped 
Since we did not observe a major change in the STF at 16°, we increased the angle of twist to 24° 
and performed the same “fast” load steps. Surprisingly, the center wire was found to carry on 
average 35% of the load of the outside wires, a significant increase over the 10% at 16°, as shown in 
Figure B-25. 
  
   (a)      (b) 
Figure B-25: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of unclamped 
specimen at 24° angle of twist. 





Figure B-26: Resistive strain time histories for the 24° angle of twist unclamped “fast” run for (a) Rosette #1, (b) Rosette 
#2, and (c) Rosette #3. The BF gage in Rosette #1 and is therefore not shown. 
 
After the encouraging results, we decided to perform a fully resolved scan at all load steps: 25 MPa 
(3.6 ksi) 50 MPa (7.2 psi)  75 MPa (10.8 ksi)  100 MPa (14.5 ksi)  125 MPa (18.1 ksi)  
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150 MPa (21.8 ksi)  175 MPa (25.3 ksi)  125 MPa (18.1 ksi)  75 MPa (10.8 ksi)  50 MPa 
(7.2 ksi)  25 MPa (3.6 ksi). Surprisingly once again, the center wire appears to have relaxed, as 
shown in Figure B-27. 
 
   (a)      (b) 
Figure B-27: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of unclamped 
specimen at 24° angle of twist. 
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Figure B-28: Resistive strain time histories for the 24° angle of twist unclamped standard run for (a) Rosette #1, (b) 




28° Angle of Twist – Unclamped 
After the unexpectly low STF in the second scan, we decided to incrementally increase the angle of 
twist once more to see if the mechanical effects that caused the transfer during the first test would 
reingage the wires. However, the results (Figure B-29) speak another language; the fractured wire 
only carried 12% of the load of its neighbors, and this only after the engineering stress exceeded 100 
MPa (14.5 ksi).  
  
   (a)      (b) 
Figure B-29: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of unclamped 
specimen at 28° angle of twist (92.7 Nm initial torsion). 





Figure B-30: Resistive strain time histories for the 28° angle of twist unclamped run for (a) Rosette #1, (b) Rosette #2, 
and (c) Rosette #3. The BF gage in Rosette #1 and is therefore not shown. 
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0° Angle of Twist – Steel Hose Clamp (HC) 
In an effort to reconfigure the strand and promote contact between the seven wires, we installed a 
standard automotive-grade hose clamp at the original clamping location and ran three fast runs at 0°, 
4°, and 8°. As expected, the STF for zero angle of twist was 4%, Figure B-31. 
 
   (a)      (b) 
Figure B-31: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of hose clamped 
(HC) specimen at 0° angle of twist (0 Nm initial torsion). 
The data acquisition system experienced further communication failures during this run and no 
strain data were recorded. 
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4° Angle of Twist – Steel Hose Clamp (HC) 
The clamp appeared to have little effect for the 4° case, Figure B-32. The system transferred 9% 
load to the center wire, which was identical to the unclamped case. 
 
   (a)      (b) 
Figure B-32:  (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of hose clamped 
(HC) specimen at 4° angle of twist (22.44 Nm initial torsion). 
The data acquisition system experience further communication failures during this run and no strain 
data were recorded. 
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8° Angle of Twist – Steel Hose Clamp (HC) 
The 8° case showed even less transfer than its unclamped counterpart, Figure B-33. 
 
   (a)      (b) 
Figure B-33: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of hose clamped 
(HC) specimen at 8° angle of twist (47.0 Nm initial torsion). 
The data acquisition system experienced further communication failures during this run and no 
strain data were recorded. 
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16° Angle of Twist – Steel Hose Clamp (HC) 
The 16° angle of twist case was comparable to the unclamped case, Figure B-34. 
 
   (a)      (b) 
Figure B-34: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of hose clamped 
(HC) specimen at 16° angle of twist (82.7 Nm initial torsion). 
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Figure B-35: Resistive strain time histories for the 16° angle of twist with hose clamp case for (a) Rosette #1, (b) Rosette 




20° Angle of Twist – Steel Hose Clamp (HC) 
To prevent further potential damage to the sockets, the decision was made to only increase the angle 
of twist to 20°. Although marginally higher, the STF more or less compares to the trend of the 
unclamped system, excluding the high transfer point at 24° (Figure B-36). 
 
   (a)      (b) 
Figure B-36: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of hose clamped 
(HC) specimen at 20° angle of twist (90.70 Nm initial torsion). 





Figure B-37: Resistive strain time histories for the 20° angle of twist with hose clamp case for (a) Rosette #1, (b) Rosette 
#2, and (c) Rosette #3. The BF gage in Rosette #1 and BN gage in Rosette #2 failed and are therefore not shown. 
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STF vs. Angle of Twist 
After the completion of the unclamped torsion series, it became apparent that the strand was unable 
to develop sufficient friction due to twisting because of the short length of the specimen. The 
significant increase in load transfer can only be explained by local mechanical interference that 
locked the twisted strand and provided a load path to activate the cracked wire (Figure B-38). The 
loss of transfer after the one occurrence leads us to believe that the wires either slipped significantly 
in the resin puck or deformed the steel sockets at the cloverleaf orifice, and therefore reconfigured 
geometrically. These theories were subsequently tested by closer examination of the physical strain 
data as well as dissection of the sockets.
 
Figure B-38: STF vs. Angle of Twist for the cable for an unclamped and hose clamped section. The graph shows a weak 
proportional relation between STF and angle of twist for both systems. However, the outlier for the unclamped system 



















0° Angle of Twist – Aluminum Clamp (Al) – No Lubrication 
After the torsion twist investigation was completed, we decided to use remaining beamtime to 
perform a set of exploratory runs to investigate the effect of lubrication fluid on the friction transfer 
mechanics in parallel wire strands. Although rarely performed in present day, many older bridge 
cables were oiled with various types of corrosion inhibiters, commonly linseed oil or emulsions of 
linseed oil and lead powder. With only limited beamtime left in this deployment, we performed two 
runs at zero torsion, with the aluminum clamp at 40Nm (29.5 ft-lb) bolt torque [standard tightening 
regime 10Nm20Nm30Nm40Nm (7.4 lb-ft  14.8 lb-ft  22.1 lb-ft  29.5 lb-ft)]: one 
“dry” scan and one “lubricated” scan. An initial run was performed with the cable in the dry 
condition using the standard loading-unloading regime, see Figure B-39. The strains for the run can 
be seen in Figure B-40. 
 
   (a)      (b) 
Figure B-39: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of aluminum 
clamped (Al) specimen at 0° angle of twist (0 Nm initial torsion). 
The system exhibited a 33% transfer of strain onto the broken wire, which parallels the 36% from 
the previous run very nicely. The strain time histories for the run are shown in Figure B-40. The 
strain behavior for the angle of twist of 0° with hose clamp is shown in Figure B-31. Unfortunately, 






Figure B-40: Resistive strain time histories for the 0° angle of twist with hose clamp run for (a) Rosette #1, (b) Rosette 





0° Angle of Twist – Aluminum Clamp (Al) – Tap Magic 
After unloading, the sample was allowed to cool down for one hour, at which point we entered the 
cave and proceeded to remove the Al clamp. We then wetted the wire section directly under the 
clamp with ten drops of Tap Magic4, holding an oil sorbent rag under the wire to prevent any spills. 
After wicking off excess lubricant, the clamp was replaced and re-torqued to 40Nm (29.5 lb-ft) by 
standard tightening regime [10 Nm20 Nm30 Nm40 Nm (7.4 lb-ft  14.8 lb-ft  22.1 lb-ft 
 29.5 lb-ft)]. Curiously, the STF increased from 0.33 to 0.42 in this run, see Figure B-41 and 
Figure B-42. 
 
   (a)      (b) 
Figure B-41: (a) Longitudinal lattice strain and (b) transverse lattice strain vs. applied engineering stress of aluminum 
clamped (Al) specimen at 0° angle of twist (0 Nm initial torsion) with tap magic injected into strand. 
The resistive strain time histories for the run are shown in Figure B-42. 
                                                 





Figure B-42: Resistive strain time histories for 0° angle of twist with a hose clamp and lubrication run for (a) Rosette #1, 
(b) Rosette #2, and (c) Rosette #3. The BF gage in Rosette #1 and BN gage in Rosette #2 failed and are therefore not 
shown. 
The effect of lubricants on the amount of inter-wire friction, especially in less strongly clamped and 
confined scenarios, merits further investigation. This preliminary data, however, does suggest that 
lubrication of the wires does not strongly degrade strain transfer, at least in a well-clamped case.  
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Summary of Initial Lattice Strains 
Figure B-43 shows the initial longitudinal and transverse stresses in the C and CF wires at 25 MPa 
(3.6 ksi) engineering stress. This graph serves mainly as an error-check that the system did indeed 
return to a similar strain state after all experiments. This is important since the lattice strains must be 
based on an accurate unstressed lattice parameter, a0. In all cases except for the first run, the 
unstressed lattice parameter was set at 25 MPa (3.6 ksi), defining the preload as the locus for all 
neutron strain calculations. 
  
   (a)      (b) 
Figure B-43: Overview of (a) longitudinal and (b) transverse lattice strains in Center Far (CF) wire at 25 MPa (3.6 ksi) 





Specimen Post-Failure Analysis 
After receiving the specimen back from ORNL, we performed a detailed post-failure analysis of the 
socket system. The decay in load transfer as well as the curious loss of tension in the TN wire led us 
to believe that the system experienced failure, either in the socket or the wires, causing 
reconfiguration of the wires and subsequent loss of mechanical confinement of the system in the 
socket epoxy volume. 
In order to inspect the interior of the sockets, the wires were cut with a cutoff wheel near both 
sockets. The wires were cut 19.2mm (0.748 in) beyond the edge of Socket A and 6.5mm (0.256 in) 
beyond the edge of Socket B, Figure B-44a. The truncated net wire sample with the clamp remained 
largely intact after this operation for follow-up examination of the wire’s surface characteristics, 
Figure B-44b.  
  
   (a)     (b) 
Figure B-44: (a) Socket A with cut wires and (b) remaining wire with aluminum clamp. 
The individual wires and epoxy puck were labeled and systematically knocked out with a 3/16” (4.76 
mm) parallel punch. In Socket A, we discovered that the TN (Top Near) wire was fractured. The 
location of the fracture is shown in Figure B-45. 
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Figure B-45: Drawing outlining location of break in TN wire. It is clear that the wire fractured at the sharp discontinuity 
inside the socket where the conical bore intersected with the cloverleaf cutout. 
It appears from the fracture surface that the wire broke in a combined tension-torsion failure mode, 
Figure B-46. A bright semi-ductile failure region is clearly visible on the bottom quarter of the wire 
fracture surface (Figure B-46b) while a dull brittle fracture region dominates the remainder of the 
fracture surface.  
This indicates a ductile crack initiation at the bottom section of the wire, where the crack front 
propagated radially outwards from the initiation point and ultimately fractured the net section in a 
brittle fashion. We prostulate that the location of the fracture in this case is also its cause. The sharp 
edge inside the socket created a stress concentration in the wire, effecting a rupture of the wire at the 
45° shear plane. This theory is underlined by the yielding evident in the socket’s outer edge of the 
cloverleaf cutout at the TN position, Figure B-47.  
Furthermore, the wire itself shows heavy burnishing and scrape marks, caused by the sharp edge 
inside the socket (Figure B-48). The stepwise geometry of these scrape marks is indicative of 
hysteretic behavior of the wire before failure. The wire appears to have been pulled across the sharp 
corner, relaxed, and then pulled further in the next loading cycle. Altogether, four cycles are visible 
before the wire breakage. 
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   (a)      (b) 
Figure B-46: Fracture surfaces of wire with (a) wire segment which went through socket and (b) segment which was 
locked in the socket epoxy. 
  
   (a)      (b) 
Figure B-47: (a) Overview and (b) detailed views of cloverleaf cutout in the socket. The red outlines in (b) represent the 






Figure B-48: View of the broken wire in the positive z-direction in the local wire coordinate system. A series of scratch 
and burnishing marks can be seen along the face of the wire. 
Note here that the Curtis joint 4140 alloy metal stock is significantly softer than the ASTM A586 
wires. However, the stress concentration at the abutment point and the relatively high brittleness of 
the bridge wires caused the wire to ultimately fracture. Although the brittle behavior of high strength 
steel is well documented in the literature, this failure serves as a potent reminder that high strength 
wires are very susceptible to stress concentrations caused, in this case, by a significantly lower-
strength steel abutting the wire. Therefore, it is pivotally important to remove any sharp contact 
points within the sockets in all future experiments. 
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Identification of Wire Break in Strain Data 
After investigating the cause of the wire break, we set out to pinpoint the time at which the TN wire 
fractured. As unfortunate as this failure was, it underlines the importance of careful experiment 
design, especially detailing of the sockets. It quickly became apparent that the TN wire fracture 
occurred at the start of the 8° Angle of Twist experiment, as shown in Figure B-49. In all prior 
experiments, the outer wires showed even load-partitioning (Figure B-49a). From the beginning of 
the 8° Run (Figure B-49b), the TN wire fails to carry its share of tensile load. It continually shakes 
down its load-carrying capacity, apparently reconfiguring the wire/socket geometry to the point 
where the CN wire also fails to carry its full share of load.  
At this point, the socket puck no longer provided the necessary confinement to lock the wires into 
place, and could not sustain full load in all of the member wires. In the 4° run, the TN wire still 
returned to zero strain after the test. This is no longer the case in in the 8° run. The wire apparently 
slips out of its original position sufficiently so that it goes into 100 με of compression once the 






Figure B-49: (a) Strain time history for Rosette #1 for the 4° Angle of Twist Unclamped Run. The TN wire (red) carries 
similar load as its fellow wires. The BF strain gage is defective. (b)  Strain time history for Rosette #1 for the 8° Angle of 
Twist Unclamped Run. The spike of the wire fracture can be seen at start of the experiment. 
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Identification of STF using Physical Strain Measurements 
Data Fusion 
In order to validate our neutron measurements on the center wire, we sought out to identify the 
strain in the internal wire by indirect measurement. This can be achieved by calculating the STF 
from the global stiffness of the bundle during loading or unloading of the bundle, equation (3): 
 ݇௦௧௥௔௡ௗ ൌ ሺ6 ൅ ܵܶܨሻ݇௪௜௥௘ (3) 
 where ݇௕௨௡ௗ௟௘ ൌ global stiffness of the strand 
  ݇௪௜௥௘ ൌ stiffness of an intact wire 
  ܵܶܨ ൌ stress concentration factor 
We assume here that the Young’s modulus of the steel is 210 GPa (30,400 ksi) – a very safe 
assumption – considering the strong invariance of the Young’s modulus in steel near room 
temperature. 
An example of the collected stress and strain data from the 0° Angle of Twist – Clamped Run is 
shown in Figure B-50. This data set is representative of all runs performed in VULCAN during this 
deployment: 
ܵݐܽ݊݀ܽݎ݀	ܦ݁ݒ݅ܽݐ݅݋݊	݋݂	ܵݐݎܽ݅݊ ൌ ݀ߝ ൌ 8.14	μߝ 
ܵݐܽ݊݀ܽݎ݀	ܦ݁ݒ݅ܽݐ݅݋݊	݋݂	ܵݐݎ݁ݏݏ ൌ ݀ߪ ൌ 31	݇ܲܽ 
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   (a)       (b) 
Figure B-50: (a) Strain vs. sample index and (b) stress vs. sample index for Clamped 25-175 MPa (29699-29724) Run. 
Since strain data was recorded independently from the VULCAN data acquisition system, the data 
was first globally time-synchronized and the stress data (i.e., VULCAN load frame data) 
subsequently linearly interpolated to match the strain data. “Neutron time” – the timestamp 
provided by the ORNL time synchronization system – was used as the global reference time. 
However, the time step of the Carleton Lab data acquisition system was used as the global sampling 
rate. We did this for two reasons: (1) the bulk of the data, notably all strain measurements, were 
already in this domain and (2) the VULCAN data exhibited an uneven time-step, which proves 




The following stiffness values resulted from the calculations, Table B-3. 
Table B-3: Calculated aggregate stiffness of strand in all runs where well-resolved strain data was available. 
        Stiffness (GPa) 
      Rosette 1 Rosette 2 Rosette 3 Mean 
16° Unclamped  25-150 MPa 217 ± 40 328 ± 15 210 ± 73 252 ± 43
24° Unclampled  25-150 MPa 200 ± 27 325 ± 13 170 ± 52 232 ± 31
24° Unclampled  25-175 MPa 216 ± 37 282 ± 91 179 ± 44 226 ± 57
28° Unclampled  25-175 MPa 217 ± 32 276 ± 70 180 ± 46 224 ± 49
20° Unclampled  25-150 MPa 232 ± 27 231 ± 13 231 ± 52 231 ± 31
0° Hose Clamp  25-150 MPa 222 ± 15 208 ± 14 194 ± 16 208 ± 15
16° Hose Clamp  25-175 MPa  237 ± 57 266 ± 90 213 ± 51 239 ± 66
0° Al Clamp  25-175 MPa 209 ± 13 220 ± 22 238 ± 18 222 ± 18
0° Al Clamp TM 25-175 MPa 217 ± 17 209 ± 15 352 ± 24 259 ± 19
Average stiffness for all tests 233 ± 36
 
These data are based on the engineering stress, which assumes that a cross section of six wires is 
actively carrying load. The stiffness is therefore an indirect indicator of the STF. Assuming the 
Young’s modulus of 210 GPa for ASTM A586 steel, we can back-calculate the STF from this data. 
 ݇ ൌ ቀܧ௦௧௘௘௟ ൅ ௌ்ி଺ ቁ              (4) 
Where k is the calculated stiffness of the strand using the engineering stress convention, Esteel is the 
Young’s modulus of steel (210 GPa), and STF is the stress transfer factor of the center wire. The 
following section will outline the limitations of this approach due mostly to the amount of error 
present in the measurements. 
Error Propagation 
Using the definition of stiffness (5) classical propagation of error (6), we can calculate the error in 
the stiffness measurement. 
 ܵݐ݂݂݅݊݁ݏݏ ൌ ݇௦௧௥௔௡ௗ ൌ ఙఌ  (5) 
 ܧݎݎ݋ݎ	݅݊	ܵݐ݂݂݅݊݁ݏݏ ൌ ݀݇௦௧௥௔௡ௗ ൌ ටቀௗఙఌ ቁ
ଶ ൅ ቀିௗఌ∗ఙఌమ ቁ
ଶ (6) 
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The error in strain, dε, varies little between the different runs. This is no surprise as the 
instrumentation setup was effectively unchanged throughout the duration of the experiment. For 
simplicity, we assume that the error of the load readout, i.e., dσ, is invariant with respect to amplitude 
and time. 
Solving for STF in (2), we arrive at equation (7): 
 ܵܶܨ ൌ 6 ቀ ఙఌாೞ೟೐೐೗ െ 1ቁ (7) 
 where ܧ is the Young’s modulus of A586 steel 
Performing error propagation for STF using the same ݀ߝ and	݀ߪ we arrive at equation (8): 
 ܧݎݎ݋ݎ	݅݊	ܵܶܨ ൌ ݀ܵܶܨ ൌ ටቀ଺∗ௗఙఌா ቁ
ଶ ൅ ቀିௗఌ∗ఙாఌమ ቁ
ଶ
 (8) 
Using (6), we can populate an error envelope for the ORNL test series of error in stiffness calculated 
from the resistive strain gages versus absolute axial engineering stress from the VULCAN frame 
load cell for various experiments, Figure B-51.  
 
Figure B-51: Stiffness error vs. stress for measurements using mechanical strain gages and VULCAN axial load cell, 
respectively. 
Using these error values, we can calculate the respective ݀ܵܶܨ for select points along the error 




dSTF= 0.19 124 MPa 
dSTF= 0.15 146 MPa 
dS 0 13
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51, at an engineering stress of 82.3 MPa (11.9 ksi), we have a ݀ܵܶܨ ൌ 0.24, providing insufficient 
precision to serve as a primary indicator of stress transfer. Even at 146 MPa (21.2 ksi), the ݀ܵܶܨ ൌ
0.13 barely provides sufficient precision to act as a primary quantifier of stress transfer to the center 
wire. Even though the confidence of the back-calculated STF is too low to allow us use it as a 
primary input, it does serve a convenient duty as an error check for the neutron data. 
Reducing Error 
Since the engineering stress measurements are a function of the precision of the VULCAN load 
frame’s load cells and conditioning, it is realistic to assume that ݀ߪ will be unchanged in further 
experiments with 7-wire specimen. The only measurement for which we can reduce measurement 
error is strain. ݀ߝ is strongly dependent on the strain gages and signal conditioning used for the 
experiment. Therefore, we solve for ݀ߝ to produce a sufficiently small dSTF to allow for its use as a 
primary indicator of stress transfer, see (8). We consider the following dSTF: 0.05, 0.025 and 0.005: 





For dSTF of 0.05  ݀ߝ=1.72	μߝ 
For dSTF of 0.025 ݀ߝ=0.88	μߝ 
For dSTF of 0.005  ݀ߝ=0.19	μߝ 
Even if the resolution of the A/D conversion is increased from 16-bit to 24-bit, it is not feasible to 
increase the measurement precision of the extremely small footprint gauges from the current 8.14	μߝ 
by an order of magnitude to 0.88	μߝ without changing sensor technology. Semiconductor strain 
gages, an emerging technology for high-precision, small-scale strain measurement may provide this 
capability. This will require further investigation and merits additional future trials. 
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The required ݀ߝ values to produce such dSTF values are not possible using the existing 
instrumentation. All in all, physical data containing stress data from the MTS and strain data from 
the strain gages produce an STF error that is too large to be used as a primary indicator of the STF 
values. 
Analysis of Load Repartitioning 
A detailed analysis of the slippage and load repartitioning between the wires during an experiment 
was performed to enumerate the amount of inter-wire load shedding and uptake that generally 
occurs during the load hold periods in the cycles. For the sake of brevity, two cases were 
investigated: (1) 0° angle of twist with the aluminum clamp as a control and (2) 24° angle of twist, 
unclamped as a case of maximum slippage. 
We show delta-microstrain, which is the change in strain from the point where the load frame holds 
the load constant. Only Rosette #3 is shown here, since it represents the strain “behind” the clamp 
in the clamped case and furthest away from the break, allowing a maximum of friction interaction 
between the wires. 
0° Angle of Twist – Aluminum Clamp (Al)  
The results for the inter-wire slippage can be seen in Figure B-52 through Figure B-57. 
In summary, inter-wire slippage is directly proportional to the engineering stress applied. Most 
slippage occurs at the highest engineering stress of 175 MPa (25.4 ksi). The highest inter-wire 




   (a)       (b) 
Figure B-52: Delta-microstrain vs. sample index for Rosette #3, BN wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
  
   (a)       (b) 
Figure B-53: Delta-microstrain vs. sample index for Rosette #3, CN wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
  
   (a)       (b) 
Figure B-54: Delta-microstrain vs. sample index for Rosette #3, TN wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 




   (a)       (b) 
Figure B-55: Delta-microstrain vs. sample index for Rosette #3, TF wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
 
   (a)       (b) 
Figure B-56: Delta-microstrain vs. sample index for Rosette #3, CF wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
 
   (a)       (b) 
Figure B-57: Delta-microstrain vs. sample index for Rosette #3, BF wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 




24° Angle of Twist – Unclamped 
The results for the inter-wire slippage can be seen in Figure B-58 through Figure B-63. 
 
   (a)       (b) 
Figure B-58: Delta-microstrain vs. sample index for Rosette #3, BN wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
 
   (a)       (b) 
Figure B-59: Delta-microstrain vs. sample index for Rosette #3, CN wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
 
   (a)       (b) 
Figure B-60: Delta-microstrain vs. sample index for Rosette #3, TN wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 




   (a)       (b) 
Figure B-61: Delta-microstrain vs. sample index for Rosette #3, TF wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
 
   (a)       (b) 
Figure B-62: Delta-microstrain vs. sample index for Rosette #3, CF wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
 
   (a)       (b) 
Figure B-63: Delta-microstrain vs. sample index for Rosette #3, BF wire. The various load hold points are shown as 
separate lines. Plot (a) denotes the slippage during the load-holds in the loading cycle while plot (b) shows the slippage 
during the unloading cycle. 
Surprisingly, the inter-wire slippage for this case was comparable to the aluminum clamped case, 
with a few outliers. The BF wire increased by 50 microstrain during 175 MPa (25.4 ksi) load hold; 
this reading, however, is a bit of an outlier. 
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Conclusions 
Clamping of the strand provides significant load transfer from intact to broken wires. A stress 
transfer factor of 0.8 has been observed in previous experiments for well-clamped scenarios. The 
development length is on a scale of centimeters rather than meters. In this experiment, using purely 
geometric constraints and twisting with no active clamping, we were able to get up to 35% load 
transfer to the broken wire. This reading was singular and could not be repeated. However, the grip 
detail and high angle of twist caused the TN wire to fracture. The brittle wire was no match for the 
sharp surface in the grip, causing a stress concentration which in turn initiated the fracture.  
Although the overall structure of the experiment was promising, the extremely short sample length 
quoted by ORNL made it impossible to create a specimen representative of real-world requirements. 
There was insufficient interaction length between the wires. Furthermore, boundary effects near the 
grips dominated the mechanics of the system. 
In reference to the current state of practice in the bridge industry, we believe that repair methods 
should focus on maintaining or increasing friction transfer between intact wires rather than identify, 
remove and splice new wires into damaged sections. The failure of the TN wire underlines the 
danger of subjecting brittle high-strength steel to sharp geometric artifacts. Cable wedging and 




As evidenced by these results, we will have to run a new sample with an approximate gross length of 
1000 mm (39.4 in) to more accurately model the contact mechanics between the wires. This sample 
has been built and is ready for deployment to ORNL VULCAN. The socket design also warrants 
improvement, removing all sharp points within the system to prevent future in-socket wire breaks. 
Gripping uniformity, i.e., even load partitioning between the wires, will also be a focus of future 
work. 
A further extension of this current work is the expansion of the wire cross section by another wire 
layer, moving from 7 wires to 19 wires. This cross section, 25 mm (0.98 in) at the thickest point, 
cannot be penetrated with the current cold neutron beams available to us. We will therefore change 
the material of the wire from ASTM A586 high strength steel to high-strength 6160 alloy aluminum. 
The difference in surface mechanics between the two systems will have to be studied in detail, and 
the socket designs may have to be adjusted as well to accommodate the material change. 
With multiple patents filed and pending, we may now also study the friction properties of novel wire 
geometries under similar conditions as the current round wires. This work will be initiated at the 7-
wire stage and may also be scaled to 19 wires, beam time permitting. 
Further basic parametric studies are also underway to study the friction pullout strength of single 
wires in tension. Various cross sectional shapes will be studied, as well as the influence of lubricants 




APPENDIX C. ORNL IA EXPERIMENT REPORT: ORNL LOAD 
FRAME OPTIMIZATION 
After our previous deployment to ORNL on 25 November 2013, we found that the potential of the 
VULCAN MTS universal testing machine was not fully realized. The originally advertised maximum 
specimen length of 380 mm (15 in) was in fact not the maximum capacity of the frame. 
Furthermore, the torsion PID feedback loop was not tuned, preventing the use of torsion control 
during our ORNL I deployment. Consequently, the author deployed to the site and both tuned the 
torsion feedback channel and increased specimen length to ݈௦௔௠௣௟௘ ൌ 953	݉݉	 േ 95	݉݉	ܵݐݎ݋݇݁ 
(37.5	݅݊	 േ 	3.74	݅݊	ܵݐݎ݋݇݁ሻ	as shown in Figure C-2. 
Sample Capacity Increase 
The ORNL VULCAN beamline maintains a dynamic universal testing machine with dual axial-
torsion actuators. The testing machine was manufactured and commissioned by MTS in 2006 to 
serve the VULCAN beamline. In the most recent deployment IPTS-9161, it was discovered that the 
specified sample length of 380 mm (15 in) fails to utilize the testing machine’s full potential. 
Furthermore, there was considerable uncertainty regarding the machine’s specimen length capacity. 
In an effort to develop and optimize this frame for future large-scale civil engineering structures and 
components testing, the Carleton Lab of Columbia University deployed to ORNL VULCAN from 
20 to 23 April 2014. 
Upon arrival, the frame was in a short-sample configuration, i.e., the crossheads were positioned 
such that a sample of ca. 300 mm ± 95 mm (11.8 in ± 3.7 in) could be mounted. In an effort to 
increase capacity, an attempt was made to push both crossheads to their outer limits. However, the 
original hoses that connect each crosshead’s actuators were too short to allow the frame to fully 
extend. Hoses and UNC/JIC fittings were ordered by ORNL staff but were only partially delivered; 
only the hoses for the X2 crosshead had arrived and were installed by the time of this deployment. 
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Furthermore, the hydraulic hoses on both sides were not properly routed through the end brace 
plate to allow the rear of the actuators to travel through the cutout in the brace plate without 
pinching the hoses. Consequently, all hydraulic supply and drain hoses on both crossheads were re-
patched through the respective brace plate to allow each crosshead to fully extend. Since no new 
patch hoses were available for the X1 crosshead, spares were sourced from the VULCAN and 
partner beamlines to allow a full extension of the crosshead. For the purpose of this tuning run, the 
X1 crosshead was set to an extension 183 mm (7.20 in) short of full capacity to accommodate the 
tuning sample, which measured 750 mm (29.5 in).  
   
  (a)     (b)  
Figure C-1:  Detail of configuration of (a) X1 crosshead with rerouted hoses and (b) X2 crosshead with rerouted and 
extended hoses. 
By simple measurement of the test rig, the maximum sample length from collet-grip-face to collet-
grip-face was found to be 953 mm (37.5 in) with both axial actuators at the neutral position [Matrix 
Displacement = 0 mm (0 in)]. The full axial capacity of the system: ݈௦௔௠௣௟௘ ൌ 953	݉݉	 േ
95	݉݉	ܵݐݎ݋݇݁ (37.5	݅݊	 േ 	3.74	݅݊	ܵݐݎ݋݇݁ሻ. The final configuration of the system is shown in 
Figure C-3a and the dimensional specifications of the frame are shown in Figure C-3b. 
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Figure C-2: Final configuration of MTS frame with X1 crosshead (left) 183 mm (7.20 in) short of full extension and X2 
crosshead (right) fully extended to the brace plate. The lengthened hoses can be seen on the floor in front of the X2 
crosshead. 
 
   (a)       (b)  
Figure C-3: Dimensional specifications of frame in (a) tuning configuration, as used in this deployment and (b) 
maximum sample capacity of system in fully extended configuration. 




Torsion Feedback Loop Tuning 
The tuning sample, a hexagonally packed seven-wire parallel strand, shown in Figure C-4, was 
mounted in the frame’s collet grips. It subsequently underwent load shakedown from 25 MPa (3.6 
ksi) engineering stress preload to 150 MPa (21.8 ksi) engineering stress [assuming six intact 5 mm 
(0.2 in) diameter ASTM 586 high strength steel wires]. 
 
Figure C-4: Tuning sample, installed in the frame's collet grips, with MTS mechanical extensometer attached to a wire. 
The initial tuning parameters for the torsional feedback loop are shown in Table C-1. The sample 
was loaded to 100 MPa (14.5 ksi) engineering stress to provide sufficient torsional stiffness and 
prevent torsion feedback instability and/or potting epoxy shear failure. At the initial PID settings, 
the torsion control feedback loop failed to follow even a 0.1 Hz sinusoidal command with an 
amplitude of 1°. The system was subsequently tuned following standard PID tuning convention, 
using sinusoidal, sawtooth, and square wave input to achieve an optimal feedback parameter set that 




Table C-3: PID feedback parameters (a) as found initially and (b) optimized for torsion control of 750 mm (29.5 in) 
bridge cable sample. 
(a)  (b) 
Torsion - Moment 
Feedback 
 Torsion - Moment 
Feedback 
P 0.10 P 0.55 
I 0.10 I 0.10 
D, F, F2, FF, 
FL 




The abovementioned PID parameters were found to be optimal for a 750 mm (29.5 in) long 7-wire 
sample with an axial compliance ஺ܿ ൌ 5.66 ∙ 10ି଼ ௠ே	 and a torsional compliance ܿఛሺ100	ܯܲܽሻ ൌ
0.88	 °ேି௠. Although compliances will change with future samples, these tuning parameters will 
serve as a good reference. 
Conclusions 
In a three-day deployment, the Columbia University team was able to retrofit the frame and correct 
various design flaws in its hydraulic distribution to extend the sample capacity envelope from 380 
mm (15 in) to 953 mm (37.5 in), plus 95 mm (3.7 in) stroke in either direction. The torsion feedback 
loop was also tuned to allow dynamic feedback and torsion-control to be used in both static and 
dynamic applications. In its new configuration, the frame’s sample length capacity was increased by 
150%, and it is capable of operating in both axial load and torsion control mode for long, 
rotationally flexible specimens. These capabilities are crucial for future research in large-sample civil 
engineering and structural engineering problems. The team is confident that it will be able to 
maximize its future neutron beam harvests by greatly reducing lost time due to technical issues with 
the load frame. The authors recommend that such load frame pilot testing and tuning become 
standard practice for all groups doing neutron science on load frames. 
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APPENDIX D. ORNL IIA EXPERIMENT REPORT: EFFECT OF 
WIRE TWIST ON STRAIN TRANSFER OF LONG SEVEN-WIRE 
STRAND 
Abstract 
After five deployments to the LANL SMARTS beamline, the feasibility of measuring strain transfer 
within an ordered seven-wire parallel strand was well established. We succeeded in quantifying the 
strain transfer within an untwisted parallel wire strand under various clamping conditions, measure 
the effects of a live in situ break on the beamline, as well as measure neutron strains longitudinally 
through a clamped section. We were able to improve the samples; refine our fabrication technique; 
and study in situ plastic flow, local fracture, and load redistribution between the strands.  
For the fifth experiment at LANL, we were able to establish that a broken wire within a strand could 
immediately take up its full share of strain within a few centimeters, rather than meters, if the system 
is adequately clamped. 
The sixth experiment was conducted under IPTS-9161 at the VULCAN Engineering Materials 
Diffractometer at the Oak Ridge National Laboratory’s (ORNL) Spallation Neutron Source (SNS). 
A parallel seven-wire specimen with a net wire length of 90 mm (3.5 in) was fabricated and 
instrumented at the Carleton Laboratory. Neutron diffraction experiments were performed at 
VULCAN, using the beamline’s unique axial-torsion test frame, and the effects of wire twist on 
suspension bridge wire bundles were investigated. However, due to the extremely short advertised 
sample length, the experiment yielded results of limited utility. Finite strain transfer was detected, 
but the measurement was not repeatable. A port-experiment forensic analysis of the sample revealed 
that one of the wires had fractured inside the socket, causing the whole strand to reconfigure and 
lose full radial confinement in the outer wires. 
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Furthermore, we found that the advertised gross sample length of 380 mm (15 in) was in fact 
incorrect, and that the universal testing machine could be easily reconfigured to accommodate 
samples of up to 950 mm (37.4 in) length. A follow-up deployment to ORNL (IIa) by the author 
ensured that the system was both tuned in axial load and torsion feedback and hydraulic routing was 
configured correctly to allow the crossheads to be moved to the full sample capacity of the testing 
machine. 
Thereafter, the experiment was rescheduled as IPTS-11416. Multiple technical failures in the SNS 
neutron production line resulted in the cancelation of a large portion of the Fall 2014 neutron 
production cycle. The experiment was canceled and rescheduled for 22 February 2015 on proposal 
IPTS-11416.1 with six days of neutron time. The VULCAN group offered an additional two days of 
neutron time at the end of the deployment as a courtesy to the Columbia group. This extra time 
allowed us to perform three experiments with two independent samples. Firstly, we repeated 
spatially resolved strain measurements on a 7-wire steel strand through an aluminum clamp to 
confirm previous LANL|SMARTS readings. Secondly, we repeated the strain transfer experiments 
with respect to wire twist with a significantly longer 7-wire steel strand. Thirdly, we performed a 
wire-by-wire lateral cross sectional scan of a 19-wire aluminum strand through an aluminum clamp, 
to be discussed in the following chapter. The first two will be discussed in this chapter while the 
latter is the subject of the following chapter. 
The first goal of this test series is to complete the scope of the ORNL I by utilizing the 
optimizations performed on the VULCAN frame in the ORNL IA deployment. We shall quantify 
the contribution of wire twist in friction transfer in a 7-wire strand. A new, optimized long cable 
specimen with a length of 950 mm (37.4 in) replaces the previous 380 mm (15 in) specimen. This 
new length represents an eight-fold increase in net wire length, allowing sufficient friction transfer 
surface area to yield meaningful data. Secondly, we aim to confirm the readings of strain transfer 
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under the Al clamp performed in the LANL V deployment. The completion of these two 
measurements completes the scope of the 7-wire sample measurements.  
Specimen Production at Carleton Laboratory 
Material Properties 
Two identical samples were fabricated for this experiment, based on the standard seven-wire test 
strand geometry previously employed at ORNL. The major modification is the increase in the 
sample’s net wire length from 85 mm (3.4 in) to 740 mm (29 in). The specimen was constructed 
using 5 mm (0.2 in) diameter, A-coat galvanized, ASTM A586 steel wire. The material properties of 
these specimen are identical to previous trials, as outlined in Table D-1 and Table D-2. 
Table D-1: Composition of the ASTM A586 hot-rolled wire used in constructing the seven-wire strands. The values 
shown are averages from seven measurements reported by the supplier. 
Element: C Mn P S Si Fe 
% by Mass 0.84 0.77 0.009 0.005 0.22 Balance 
 
Table D-2: Selected bulk mechanical properties of the ASTM A586 hot-rolled wire used in constructing the seven-wire 
strands. The values shown are averages from seven measurements reported by the supplier. The values in parentheses 
are the standard deviations. 










Average (STD) 1231 (35) 1765 (8) 6.2 (0.9) 210 0.3 
Min ASTM A586 Values 1103 1517 4.00 - - 
 
Labeling Conventions 
The outer six wires of the strand were centered at the vertices of a regular hexagon (Figure D-1).  
The seventh wire was located at the center.  To minimize large-scale twisting and pinching along the 
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bundle length – due to the manufacturing process of the wire – pre-straightened wires were used in 
the strand construction. 
 
Figure D-1: Schematic of standard parallel seven wire strand used in this investigation; load is applied along the y-
direction. 
As with previous experiments, we maintain the following convention for wire naming (Table D-3), 
where “near” and “far” refer to the wire’s position with respect to the incident neutron beam. 




C Blue Center wire in strand 
CN Green Center stack wire near incident neutron beam  
CF Cyan Centered stack wire far from incident neutron beam 
TN Red Top cord wire near incident neutron beam 
TF Black Top cord wire far from incident neutron beam 
BN Magenta Bottom cord wire near incident neutron beam 
BF Yellow Bottom cord wire far from incident neutron beam 
 
As a convention, both metric and imperial units will be reported in this experiment, where the actual 
unit of measure will be provided first and the converted quantity will be provided in parentheses. 
Engineering Stress Convention 
Engineering stress was used for all axial loads, assuming a cross sectional area of six wires, or 117.81 
mm2 (0.183 in2). This assumption is conservative, as the actual axial stress in the wire is reduced 
when the surrounding wires transfer load to the center (cracked) wire. Since the investigator is 
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thinking in terms of stress rather than an arbitrary load for an arbitrary cross section of steel, the use 
of engineering stress provides a safety net, helping to prevent, for example unintentional overloading 
of the specimen. The conversion factor, in this case, from engineering stress to load is 
0.1178݇ܰ ܯܲܽൗ   ቀ0.183 ݈ܾ ݌ݏ݅ൗ ቁ, i.e., the area of the cross section if six wires in the appropriate 
units of measure. Common load steps used in this experiment are shown in Table D-4. 















The cable specimen was fabricated in the machine shop of the Carleton Laboratory by laboratory 
staff (Liming Li, Associate Research Scientist; Travis Simmons, Senior Laboratory Technician; and 
Ajinkya Raje, Sr. Laboratory Assistant), and the investigators. As with previous designs, the sample 
was terminated in Curtis universal joints on each side of the wire specimen. The sample from the 
recent test, shown in Figure D-2, served as a model for the new samples. 
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Figure D-2: Previously tested wire sample from ORNL IPTS-9161. With a gross length of 380 mm, this sample is 
significantly shorter than the newer iteration fabricated for IPTS-11416. 
The sockets were modified as follows. Firstly, the outer half of each universal joint was replaced by a 
30 mm (1.2 in) diameter and 40 mm (1.6 in) long male plug that mates with the precision collets of 
the VULCAN load frame (Figure D-3a). This modification reduced the fixture length by 
approximately 100 mm (3.9 in) while retaining the biaxial pivot capability of each of the joints. 
   
   (a)      (b) 
Figure D-3: (a) Half-universal joint with new pivoting plug designed to mate with the ORNL collet sockets, (b) detail of 
the "cloverleaf" hole to restrain the wires in torsion. 
Secondly, to restrain the wires in torsion and to prevent failure and delamination of the socket epoxy 
plug, the hole was modified from a circle to a six-leaf clover shape, the outline of six 5 mm (0.2 in) 
diameter circles in tight hexagonal packing surrounding a seventh 5 mm (0.2 in) wire at its core 
(Figure D-3b). The diameter of the drill used in the cloverleaf was dimensioned such that each hole 
would provide a slip-critical orifice for one wire such that a wire can barely be pushed through the 
hole by hand. This clover shape locked the wires in place along the y-bending axis (global torsion of 
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specimen), efficiently transferring the moment caused by sample twist from the wires into the socket 
steel rather than the epoxy plug. It is critical that the sockets perform this duty, as the socket epoxy 
is designed to resist only compression in the conical bore – i.e., tension in the wire specimen – but 
neither shear nor twisting. Neglecting torsion transfer would likely have led to premature socket 
failure during testing. The sockets were expected to provide uniform loading of all wires up to a 
maximum axial load of 55 kN (12.4 kip) and a simultaneous torsional moment of 100 Nm (73.8 lb-
ft), Figure D-4. 
 
Figure D-4: Drawing of modified socket with mating puck. All dimensions in mm. 
Thirdly, all sharp corners in the internal bore were filed down by hand so as to prevent wires from 
developing contact stresses and potentially fracturing inside the grip. Such a failure was observed in 
the previous ORNL IPTS-9161 experiment, as detailed in Figure D-5. This wire break effectively 
scuttled the experiment, so great care was taken to prevent the recurrence of such a wire rupture in 
this current experiment. 
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Figure D-5: Drawing outlining location of break in TN wire. It is clear that the wire fractured at the sharp discontinuity 
inside the socket where the conical bore intersected with the cloverleaf cutout. 
Finally, the angle of the internal conical cavity was decreased from 22.5° to 10.0° off the y-axis. This 
was done to maximize the volume of socket epoxy in compression and reduce the angle changes at 
the beginning and end of the conical section. This modification aims to reduce the possibility of the 
resin puck disengaging the steel socket cavity or cracking due to abrupt curvature discontinuities at 
internal edges. Additionally, the conical cavity was machined out aggressively, creating a rough 
surface in the bore. This rough surface – similar in nature to deformations on reinforcing steel 
(rebar) used to ensure strong stress transfer in concrete – further strengthens the shear interaction of 
the epoxy resin puck with the steel socket. Since the steel wire is fully engaged by the epoxy puck in 
this section of the socket, there is no danger of the rough surface causing unwanted contact stresses 
in the wires.  
Overall, the aim of this socket design was to maximize torsion transfer and load partitioning of the 
seven-wire strand in a compact form factor while safeguarding the wires from local fracture. 
Sample Fabrication Optimization 
Previous tests have shown that adherence to a proven procedure of long specimens is extremely 
important in achieving a parallel wire system with (1) minimal global twist, (2) minimal bowing of 
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wires in central section of the sample (birdcage effect), (3) minimal in-socket slip of wires, and (4) 
consequently even strain partitioning amongst the strand’s wires. In order to quantify the effects of 
various fabrication techniques on the final sample’s performance, a parametric study was performed 
using various fabrication techniques. The final strain partitioning and geometric stability of the 
sample were evaluated by instrumenting the resulting strand with resistive strain gages loading the 
sample in tension using a dynamic universal testing machine (UTM). 
Birdcage Effect 
The first major issue that was addressed was the unwanted bowing of a specimen, radial 
displacement of the wires away from the long axis of the specimen. The birdcage effect, as seen in 
Figure D-6, is caused by the transmission of curvature in the wire due to the bending of the wire 
ends in the sockets. If the wires are bent in the socket without proper restraint of the bulk section, 
the wires start bowing out in the net section as well. This problem has been previously encountered, 
but the higher sample lengths have made this issue much more critical to specimen quality. 
 
Figure D-6: Birdcage effect in sample due to transmission of curvature from the sockets to the net cable section. A 
sample with such a high degree of birdcage effect provides no natural contact between the member wires and must 
therefore be discarded. 
This defect can cause large experimental errors since the contact interaction between the wires is 
significantly altered by this bowing. Although this issue can be overcome by the use of hose clamps, 
using an initially parallel sample is considerably more elegant. After considerable trial and error, we 
overcame this problem and developed a procedure to create parallel wire strands with almost no 




Dry-Pulling with Screws 
Since the failure of one of the outer wires in the socket during the previous ORNL test (IPTS-9161), 
all probable locations of brittle fracture and crack initiation were investigated and, if feasible, 
mitigated. The filing of sharp corners within the socket was a logical first step. However, we 
considered further steel-to-steel contact points that may cause premature in-socket wire failures. 
Previous tests have shown that the screws which are inserted into the interstitial space between the 
broomed out wires inside the socket bore to provide mechanical interference between the wires and 
the socket are deformed heavily, indicating that they may be another potential source of local wire 
failure. Figure D-7a shows two screws that were inserted in between wires in the socket cavity and 
subsequently dry-pulled. The damage due to the high contact stresses developed at the interface of 
the screws is severe. As evidenced by the figure, the screws were forced well into the plastic regime. 
The wires exhibit damage of equivalent magnitude, as shown in Figure D-7b. The wire appears to 
have been stripped of it zinc layer, as well as a thin layer of steel. The wire is both harder and 
stronger than the screws, so local damage is at least visibly less severe.  
  
  (a)       (b) 
Figure D-7: (a) View of a pair of heavily distorted stainless steel screws that were inserted between the wires of a 7-wire 
strand and subsequently dry-pulled. (b) View of an abutting bridge wire sustaining similar damage. Significant scraping 




However, unlike the screws, the wire is a tension-carrying member in this system and, due to its 
metallurgy, considerably more susceptible to cracking and brittle failure. The failure of a wire of the 
same specification in the IPTS-9161 sample underlines this hazard. A series of tests was conducted 
to qualitatively evaluate the damage caused by screw insertion and subsequent tensioning of the 
specimen before potting. This procedure, called dry-pulling, has provided mixed results in the past. 
Although it creates a very stiff sample with little apparent slippage of the wires after potting, it also 
causes potential damage to the wires during the dry-pulling procedure. A number of practical tests 
confirmed that dry-pulling causes birdcage effect, especially on long wire samples. Consequently, 
none of the samples shown here were dry-pulled.   
Two tests were performed to quantify the contribution of the screws-to-wire assembly stability and 
load partitioning. The results served to underline if screws are to be placed into future specimens. 
Trial #1: 7-Wire Strand with No Screws in Socket Cavity 
The first test was a standard 7-wire strand with a length of 540 mm (21.3 in) end-to-end. All seven 
wires were terminated in a socket at each end of the system, and the wires were broomed out only 
slightly rather than 90° as in the previous experiments. The sockets were labeled A and B. The 
center wire was cut at distance of 178 mm (7 in) from socket A. One rosette of strain gages – six 
gages, one per outer wire – was attached 178 mm (7 in) from socket B. No screws were inserted into 
the broomed wire volume inside the socket, and the system was not dry-pulled before it was potted 
with ESCO socket epoxy. Figure D-8 shows a detail of the epoxy-filled cavities of Sockets A and B 
(left and right, respectively) as well as the final wire strand. This procedure follows the 
recommendations made by ESCO, the manufacturer of the proprietary socket resin, for potting wire 
rope.  
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   (a)                     (b) 
 
     (c) 
Figure D-8: Detail view of potted wires with low angle of wire bending in (a) Socket A and (b) Socket B. The low 
bending angle on the wire stubs is evident, as is the absence of screws between the wires. This setup was chosen to 
prevent premature wire fracture in the socket due to high stress concentrations (screws, etc.) as well as to minimize 
birdcage effect. (c) The final specimen after potting but before tension testing. The system is very dimensionally precise, 
exhibiting neither local or global twist, nor birdcage effect.  
Since the entire test will be performed in the elastic range of the material, well below the prescribed 
minimum yield strength of 1.1 GPa (159 ksi), the measured strains are elastic. We have an 
incomplete measurement set since the center wire is not instrumented, although the total load plus 
the six strains in question provide a complete set of data for global equilibrium. The outer six strain 
measurements are used here as a measure of evenness in strain partitioning. Since the center wire is 
cut and the strand is in no way confined, it was assumed to be carrying only negligible load; previous 
experiments have shown a transfer of 10-20% in such a configuration. 
Once the socket epoxy had fully cured, the system was installed in the Carleton Laboratory’s MTS 
dynamic UTM and tested to a maximum tension of 200 MPa (29.0 ksi) and 500 MPa (72.5 ksi) in 
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trials 1 and 2, respectively. 5 The test setup is shown in Figure D-9. The trial was split into two steps 
to allow the specimen to the inspected thoroughly after applying 200 MPa (29.0 ksi), the accepted 
safe engineering stress used in previous ORNL tests. 
 
Figure D-9: View of test specimen mounted in the MTS 220k dynamic universal testing machine. The specimen is 
mounted, top and bottom, using threaded clevis pin adapters. Load and displacement are recorded by the testing 
machine and strains recorded by a separate NI SCXI sensor conditioner and data acquisition system. The furnace, 
located behind the specimen, is not in use in this experiment. 
All trials were run in load feedback control mode. Load and crosshead displacement were recorded 
by the MTS controller while the strains were recorded independently by a National Instruments 
                                                 
5 MTS Dynamic Universal Testing Machine, Model 793 Load Frame with FlexTest 40 Controller, MTS Systems 
Corporation, Eden Prairie, MI.  
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SCXI board.6 At the time, the MTS controller lacked both the input and output channels to 
interconnect the two systems; consequently the systems were run independently. This 
communication gap has since been remedied with the installation of a D/A board in the MTS 
controller, allowing all data collected by the load frame to be transferred to and centralized in the NI 
data acquisition system. 
Table D-5 shows details the load steps taken during the first test, as well as the resulting global 
displacements. Displacement was measured by the calibrated ram displacement feedback loop signal 
of the MTS UTM. The specimen was preloaded to 7.8 MPa (1.13 ksi) to remove any fixture slack 
from the system. Although the displacement signal technically includes the compliance of the testing 
machine, the relatively low load range used in this experiment [13 kips (57.8 kN) of test load vs. 220 
kips (979 kN) of capacity] and the high stiffness of the testing machine lend these numbers a high 
confidence. Furthermore, these measurements will only be used in comparison with other specimens 
in this trial series. 
Table D-5: Trial #1.1 – Test plan for wire strand without screws inserted in socket; tension stresses of up to 200 MPa 









Displacement at the 
end of dwell time 
[mm (in)] 
7.8 (1.1) 0.9 (0.20) Start of Test 0.00 (0.000) 
150 (21.8) 17.3 (3.9) 60 7.11 (0.280) 
200 (29.0) 23.5 (5.29) 240 9.99 (0.393) 
7.8 (1.1) 0.9 (0.20) End of Test 8.59 (0.338) 
Total Time: 5 hours 
The final measured elongation of over 8 mm (0.315 in) at 200 MPa (29.0 ksi) is quite significant. The 
lack of mechanical interference generally caused by the screws has definitely increased the 
                                                 
6 NI SCXI-1000 Chassis with SCXI-1600 USB Data Acquisition and Control Module and SCXI-1520 8-Channel 
Universal Strain Gage Input Module, National Instruments Corporation, Austin, TX. 
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compliance of the wire strand. After the initial test run, the specimen appeared undamaged: the 
wires were still parallel and no birdcage effect was detected. 
The second critical factor that serves as the measure of specimen quality is the evenness of load 
partitioning in the various wires of the strand. Figure D-10 shows the strains resulting from the two 
load steps of 150 MPa (21.8 ksi) and 200 MPa (29.0 ksi). At 200 MPa (5.29 kips) engineering stress, 
the average strain for this system was 970 µε with a standard deviation of 200 µε, i.e., a 21% 
variance. This level of strain variance is not acceptable and should be improved. 
 
Figure D-10: Strain time history of six sensors in the rosette for the initial tension test to 200 MPa (29.0 ksi) engineering 
stress. The difference in strain measurements and slopes at the load dwell points are an indication of uneven load 
partitioning and time-dependent load redistribution between the wires, respectively. 
In order to further test the stability of the sample under higher loads, a second test was conducted 
on the same strand, as outlined in Table D-6. In this trial, the system elongated significantly during 
both the 300 MPa (43.5 ksi) and the 350 MPa (50.8 ksi) load steps. The elongation of over 35 mm 
(1.4 in) at the beginning of this test was indicative of failure of the steel wire-epoxy puck interface. 
Although the strand never exhibited load refusal, the large elongation represents in itself a 
serviceability failure. 
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Table D-6: Trial #1.2 – Test plan for wire strand without screws inserted in socket; tension stresses of up to 500 MPa 








Elongation at the end 
of dwell time [mm 
(in)] 
7.8 (1.1) 0.9 (0.20) Start of Test 8.59 (0.338) 
300 (43.5)  35.3 (7.94) 30 15.72 (0.619) 
350 (50.8) 41.2 (9.26) 60 35.56 (1.400) 
400 (58.0)  47.1 (10.58) 60 37.60 (1.480) 
500 (72.5)  55.7 (12.52) 120 41.66 (1.640) 
7.8 (1.1) 0.9 (0.20) End of Test 38.76 (1.526) 
Total Time: 4 hours 30 minutes 
The strain time histories of the instrumented wires underlined the slip condition identified in the 
load-displacement data, see Figure D-11. During the second load step [350 MPa (50.8 ksi)], the 
various wires reconfigured considerably: wires 1 and 2 shed a cumulative 500 µε, which was largely 
transferred to wire 3. At this point, the system showed a standard deviation of 420 µε for an average 
strain of 1750 µε, a variance of 24%. This nonlinear time-dependent behavior can most readily be 
explained by slip of the wires in the potting epoxy volume and subsequent repartitioning of strains 
among the wires of the system. 
 
Figure D-11: Strain time history of six sensors in the rosette for the second tension test to 500 MPa (72.5 ksi) 
engineering stress. The aggressive strain pickup of S3, apparently shed by S1 and S2 is an indication of internal grip 
failure caused by delamination of the epoxy from the wire surface. 
 
262 
After the test, the specimen was removed from the UTM and visually inspected. Although the 
specimen could withstand 500 MPa (72.5 ksi) engineering stress, the wires had partially pulled out of 
the sockets on both sides (Figure D-12a,b). The whole sample also exhibited severe birdcaging, 
caused by the bent wire sections being pulled out of the sockets and into the exposed net wire 
section (Figure D-12c). 
  
                               (a)     (b) 
 
(c) 
Figure D-12: Detail view of sockets after test, showing (a) Socket A and (b) Socket B. All the wires have partially pulled 
out from the socket as evidenced by the holes. The epoxy puck showed no spalling or cracking. (c) The net cable section 
exhibited heavy birdcaging and also showed significant burnishing where the wires pulled out of the grip. Although still 
load-carrying, this sample has effectively failed. 
Although the strand continued to carry load after the failure, the system reconfigured geometrically 
after the slippage. If strains mutate on the order of 500 µε during and/or between neutron readings, 
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then the final measurement set will not be representative of one strain state but rather a running 
average of a non-stationary system. Such data would be misleading at best. A reliable, time-invariant 
sample is therefore indispensable.  
In conclusion, the omission of screws from the socket volume is not an acceptable modification to 
reduce the hazard of in-grip wire fracture. A system must therefore be developed that provides both 
strong dimensional stability within the socket as well as a minimal risk of local wire fracture due to 
stress concentrations.  
Trial #2: 7-Wire Strand with Screws in Socket Cavity 
Using the experience gained in the first trial, a second specimen was built with a modified procedure. 
The wires were bent aggressively to near right angles to maximize mechanical interference between 
the socket epoxy and the wires. Screws were then inserted between the wires in the conical cavity to 
further lock the individual wires in place. The sample was fabricated to 470 mm (18.5 in) gross 
length. Socketed at each end with the same sockets used in Trial #1; the sockets were again labeled 
Socket A and Socket B. The center wire was cut 178 mm (7 in) from the end of Socket A and a 
strain gage rosette was installed 178 mm (7 in) from Socket B. The system was not dry-pulled, but 
potted with ESCO socket epoxy, and allowed to cure, Figure D-13a, b. The final product satisfied 
visual inspection standards, i.e., no visible twist or birdcaging, Figure D-13c. 
The trial was again separated into two tests. The first test plan and resulting sample elongations are 
shown in Table D-7. Fortunately, the new specimen production strategy has reduced wire slippage 
by 50% across all loads.  
The final slippage – deformation that remains in the system after load testing is performed – was 
reduced from 8.59 mm (0.338 in) to 4.14 mm (0.163 in). The combination of bending the wires 
aggressively and inserting screws does indeed greatly improve the system’s global stiffness. This 
development can be marked as a success.  
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   (a)      (b) 
 
(c) 
Figure D-13: Detail view of potted wires with high angle of wire bending in (a) Socket A and (b) Socket B. The sharp 
90° bend in the wires at the edge of the sockets is clearly visible, as are the screws that have been inserted into the 
interstitial space between the wires. This design is a response to the significant slippage exhibited by the previous trial. 
(c) The final specimen after potting but before tension testing. As with the previous trial, extreme care was taken in 
guaranteeing a sample with minimal twist and birdcage effect. 
Table D-7: Trial #2.1 – Test plan for wire strand screws inserted in socket; tension stresses of up to 200 MPa (29.0 ksi) 








Elongation at the end 
of dwell time [mm 
(in)] 
7.8 (1.1) 0.9 (0.20) Start of Test 0.00 (0.000) 
150 (21.8) 17.3 (3.9) 60 3.23 (0.127) 
200 (29.0) 23.5 (5.29) 240 5.18 (0.204) 
7.8 (1.1) 0.9 (0.20) End of Test 4.14 (0.163) 
Total Time: 5 hours 
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Figure D-14: Strain time history graph of six sensors in rosette for the initial tension test to 200 MPa (29.0 ksi) 
engineering stress. The difference in strain measurements are an indication of uneven load partitioning. However, unlike 
trial #1, the individual strains are significantly more stationary with respect to time when considering each individual 
load step. 
When considering load partitioning, the second specimen performed relatively poorly, as shown in 
the strain time history in Figure D-14. At 200 MPa (29.0 ksi) engineering stress, the system exhibited 
a 30% variance in elastic strains. When compared to the variance of 21% in the previous 
experiment, the current configuration appears significantly more susceptible to uneven load 
partitioning. The most probable culprit for this increase in uneven load partitioning is the extreme 
plastic strains introduced while bending the wires at sharp angles. Although the system is stiffened 
significantly by this action, even the smallest geometric inaccuracies in the bending may result in 
uneven load pickup of individual wires. This can be caused by slight bowing or slack in one wire’s 
net section (free section between the sockets). Any such slack will cause that wire to carry 
significantly less load than its neighbors since it first has to straighten out before participating in the 
load-sharing. 
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The most promising solution to improve load partitioning performance in future samples will 
require the fabricator to clamp the specimen heavily before bending the wires. This will provide 
sufficient mechanical interference to prevent the whole wire strand from reconfiguring geometrically 
during production. The sample was visually inspected after the initial trial, and it exhibited no 
birdcaging, spalling of the potting epoxy volume, or pullout of the wires from the grip. Ergo, 200 
MPa (29.0 ksi) engineering stress is a safe service load for this strand design. 
The sample was then subjected to the second set of loads, up to 500 MPa (72.5 ksi), as outlined in 
Table D-8. Unlike the previous sample, this system showed almost no slip, deforming only 4.5 mm 
(0.18 in) plastically, an order of magnitude less than the previous design. The bent wires in 
combination with the screws in the socket cavity have indeed vastly improved the system’s tension 
capacity.  
Table D-8: Trial #2.2 – Test plan for wire strand with screws inserted in socket; tension stresses of up to 500 MPa (72.5 








Elongation at the end 
of dwell time [mm 
(in)] 
7.8 (1.1) 0.9 (0.20) Start of Test  
300 (43.5)  35.3 (7.94) 30 3.81 (0.150) 
350 (50.8) 41.2 (9.26) 60 4.98 (0.196) 
400 (58.0)  47.1 (10.6) 60 6.05 (0.238) 
500 (72.5)  55.7 (12.5) 120 4.57 (0.306) 
7.8 (1.1) 0.9 (0.20) 5 5.21 (0.205) 
0 (0.0) 0.0 (0.00) End of test 4.45 (0.175) 
Total Time: 4 hours 30 minutes 
Surprisingly, the performance of the sample with respect to strain partitioning actually improved at 
higher loads, as shown in Figure D-15. At the maximum service stress of 500 MPa (72.5 ksi), the 
system exhibited a variance of only 9% in strain. Although we may lack a full understanding of the 
mechanics behind this improvement, we may conclude that systems built with aggressive wire 
bending and screws in the socket tend to perform better at higher loads. 
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Figure D-15: Strain time history of six sensors in the rosette for the second tension test to 500 MPa (72.5 ksi) 
engineering stress. Throughout the test, wire 5 is a poor participant in the load sharing, although its share of the load 
increases as the load is increased. At 500 MPa (72.5 ksi), wire 2 sheds 300 µε, which is in turn distributed among the 
remaining wires. 
Similar to previous tests, there is evidence of some minor slip in wire 2 in the beginning of the 500 
MPa (72.5 ksi) load step; the wire sheds 300 µε, which is collectively picked up by all other wires in a 
relatively even fashion. This type of behavior is generally empirical evidence of slip/delamination of 
the wire-epoxy interface of that specific wire. Post-testing, the visual inspection of the sockets 
confirmed this theory. Figure D-16a shows that Socket A remained intact and showed no evidence 
of delamination or pullout of any of the wires from the resin volume. Socket B, however, shows 
evidence of minor spalling and delamination of wires 2 and 3, Figure D-16b. This observation 
supports the strain redistribution observed in the last load step. Unlike the previous experiment, 
though, the delamination is comparably minor. Although the bond between the socket epoxy and 
the wire has failed, the mechanical interference created by the aggressive wire bend and screws has 
kept the wire largely in place. 
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  (a)      (b) 
 
(c) 
Figure D-16: (a) Detail view of Socket A after the test. The wire-epoxy interface is fully intact, showing no signs of 
relative movement, pullout, or spalling of the epoxy resin. (b) Socket B, on the other hand, shows signs of delamination 
of the top two wires (wires 2 and 3); a gap is visible between the wires and the epoxy puck. (c) The net cable section 
exhibits light birdcaging, bowing 3.3 mm (0.13 in) at the center of the strand. The strand is otherwise intact and 
serviceable. 
Once removed from the test rig, the strand did minor birdcaging, as shown in Figure D-16. 
c. The wires bulged by 3.3 mm (0.13 in) at the center of the strand. Although much less significant 
than in Trial #1, the strand should not be loaded to 500 MPa (72.5 ksi) in a test environment as it 
causes permanent damage to the epoxy-wire interface and ultimately changes the behavior of the 
sample. A larger socket system would have to be designed to allow such high loads. Although this 
would be feasible technologically, the sacrifice of net sample length is not worth the additional load 
capacity. 
The methodology used to fabricate this last specimen was successful in creating a section that 
provides temporally stable strain results. Considering the birdcaging and delamination of the sample 
in Socket B, such high loads should be avoided in a neutron experiment setting, as the sample’s 
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mechanical behavior is altered. Further care must be taken to ensure that the system is kept in a 
tightly clamped state during wire bending so as to prevent (1) reconfiguration and slack in single 
wires, (2) transmission of curvature from the bent section into the net wire section between the 
grips, and (3) uneven load partitioning caused by these fabrication errors. 
Final Bridge Cable Strand Fabrication Procedure 
Based on the experience gained in the parametric study, the following procedure was developed to 
yield an optimal sample with the highest possible dimensional stability and equal strain partitioning:  
Step 1: To fabricate a specimen with a 750 mm (29.5 in) effective wire length, cut seven straightened 
wires at a length of 960 mm (37.8 in), i.e., add 210 mm (8.3 in) of length to accommodate socketing. 
Step 2: Mark the wires at 105 mm (4.14 in) [210 mm/2 (8.3 in/2)] from each end. The middle 
portion of the wires is thus the effective wire length between the sockets. 
Step 3: If, for example, the center wire cut is at a distance of 200 mm (7.87 in) from the socket, cut 
any wire out of the seven wires at a distance of 200 mm (7.87 in) from the mark made in Step 2. 
Step 4: Sand all wire cut surfaces smooth with a belt sander. 
Step 5: Form the wire assembly and insert the sockets from both the sides in such a way that they 
are almost at the center of the wire as shown in Figure D-17.  
 
Figure D-17: Step 5 – Seven wires are assembled into a strand; sockets are inserted into the strand and pushed towards 
the middle of the specimen. 
Step 6: Mark both the ends of the wire section at 55 mm (2.2 in) from the respective end. 
Step 7: Clamp both ends of the strand as shown in Figure D-18. Use steel saddle clamps with the 
appropriate “cloverleaf” inserts to achieve maximum ordering and confinement of the wires. The 
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clamps should be attached as close as possible to the mark made in Step 6. Tighten the clamp to 80 
lb-ft (108 Nm) of torque with an instrumented torque wrench. 
 
Figure D-18: Step 7 - Wire ends are clamped by multiple steel clamps with aluminum "cloverleaf" inserts. The specimen 
is ready for wire bending. 
Step 8: Bend the wires using an adequately sized steel pipe or tube [⅜” (9.5 mm) nominal pipe size 
or smaller]. The wires should be bent to a 90° angle with respect to the long axis of the cable. Bend 
three wires to one side and the remaining four on the other side, as shown in Figure D-19. 
  
                                                     (a)      (b) 
Figure D-19: Step 8 – (a) Elevation and (b) plan views of specimen with all seven wires bent at a right angle with respect 
to the long axis of the cable. It is important that the center wire we bent as well to prevent delamination in the puck. 
Step 9: Remove the clamps and push both sockets back into place, Figure D-20. 
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Figure D-20: Step 9 - Cable specimen after wire bending. The sockets have been pushed to their approximate final 
location. 
Step 10: Ensure that there is no birdcaging, bending, or global twisting in the wires. If this is the 
case, restart fabrication. 
Step 11: Insert at least two screws in each socket (Figure D-21). During this step, make sure that 
there is no bending or twisting in the wires. 
  
  (a)      (b) 
Figure D-21: Step 11 – (a) Detail view of a socket showing a screw inserted at the center of the strand of wires. 
Additional screws should be inserted to ensure a stiff specimen, although this practice is counter to the socket resin 
manufacturer’s recommendations. (b) Specimen after potting epoxy is poured into the conical bore and allowed to cure. 
Step 12: Cut the wires protruding beyond the edge of the socket body with a Dremel tool and pot 
the sockets with ESCO SocketFast Epoxy.7 
Step 13: The specimen in the end should look like the one shown in Figure D-22. Once more, 
ensure that there is no bend or twist in the specimen. If such deformation can be detected by the 
naked eye, discard the sample and repeat the fabrication.  
                                                 
7 Dremel Model 100 Rotary Tool, Robert Bosch Tool Corporation, Mount Prospect, IL. 
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Figure D-22: Step 13 - The final product after epoxy potting. The red line denotes the cut center wire. 
Step 14: If present find the location of the center wire cut and mark it with a permanent marker, as 
shown in Figure D-22.This procedure was used to fabricate both 7-wire samples that were used in 
the ORNL IPTS-11416.1 deployment. Any deviations from said procedure will be explicitly noted. 
Previous Clamp Designs 
A variety of clamps have been used in previous experiments to force the wires into tight hexagonal 
packing and, in some cases, exert significant force onto the wire cross section. Initially, we used a 
steel saddle clamp (Figure D-23) containing a split aluminum insert with a six-leaf clover cutout to 
confine and clamp the seven-wire strand. These clamps are commercially available and can exert a 
strong confinement force on the cross section, approximately 6 kip. The main drawback of this 
clamp type is that it is bulky and made of steel, scattering and attenuating the incident neutron beam 
and creating a dead zone around the clamp where no neutron measurements can be made with 
acceptable counting statistics. The large steel clamps were therefore augmented with stainless steel 
hose clamps (Figure D-24) as well as aluminum wire guides, both designed to force the bridge wire 
in its tight hexagonal packing regime and reduce global strand twist while exerting only negligible 
confinement forces onto the sample. 
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Figure D-23: Steel saddle clamp with aluminum "cloverleaf" insert. 
(a)   
(b)  
Figure D-24: (a) Test specimen with gross and net lengths of 760 mm (29.9 in) and 383 mm (15.1 in), respectively. The 
strain gages were placed in various rosettes, with one gage oriented axially on each of the outside wires per rosette. 
Gages were placed at distances of 10 (0.394), 20 (0.787), 30 (1.18), 50 (1.97), 70 (2.76), 80 (3.15), 120 (4.72), 130 (5.12), 
140 (5.51), 150 (5.91), and 160 mm (6.30 in) from the center wire cut. For clarity, the specimen is shown before the 
strain gage wire connections were made. (b) Detail of instrumented section of the cable. The location of the cut center 
wire is under the stainless steel hose clamp located next to the left-most strain gage. The center of the clamp is marked 
by the red line transecting the strand orthogonally. 
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  (a)    (b)           (c) 
Figure D-25: (a) Isometric view of the aluminum clamp, (b) plan view of the aluminum clamp, and (c) detail of cloverleaf 
cutout with smoothed edges. The cloverleaf cutout is truncated along its horizontal center axis since a gap has to be 
introduced in the cross-section to allow for the confinement force to be transferred by the clamp. 
In order to enable us to take neutron measurements on a clamped speciment in the 2014 LANL 
deployment, we developed a novel clamp design fabricated entirely of aluminum 6061 alloy (Figure 
D-25). The clamp is 1 in (25 mm) wide (same effective clamping area as the steel clamp) and 2 in (51 
mm) high, with the standard clover-leaf cutout used elsewhere in this and previous investigations. 
The major limitation of this clamp design is the relatively low torque at which the aluminum bolts 
yield. Practical trials with a calibrated torque wrench showed that the bolts rapidly yielded and 
ruptured in torsion at 45 lb-ft (61 Nm). Accordingly, we limited the applied torque to 40 lb-ft (54 
Nm). This equates to a compressive force of only 4.4 kip (18.7 kN), based on a clamp calibration 
preformed for the 2014 LANL deployment.  
Large Aluminum (Al) Clamp 
During that experiment, the wires in the strand slipped at relatively low loads, causing the center 
wire to shed load after the application of only 100 MPa (14.5 ksi) of stress. We therefore decided to  
significantly increase compression capacity by increasing the diameter of the bolts. Secondly, the 
bending stiffness of the clamp was increased by upsizing clamp. The height of the clamp was 
increased to 50 mm (2.0 in) while the width was increased to 38 mm (1.5 in), Figure D-26. The area 
where the clamp makes contact with the wires was reduced in width to 25 mm (0.98 in) in order to 
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keep the actual contact area between the clamp and the wire constant with respect to all previous 
clamps. The contact geometry where the wires are subjected to confinement is therefore unchanged, 
while the confinement force is increased. 
 
Figure D-26: Large aluminum (Al) clamp showing the reduced contact area at the center. The contact length on the 
wires is 25 mm (0.98 in) and therefore equivalent to the small Al clamp employed in the LANL experiment. All 
dimensions in millimeters. 
The bolts and nuts are 5/8”-11, 3” long (φ = 15.875, l = 76.2 mm) alumnum alloy 2024-T4. Their 
yield strength of 255 MPa (37.0 ksi) is comparable to mild steel; although with a Rockwell hardness 
of B40, they are significantly softer than their steel counterparts. The washers are manufactured 
from 6061-T6 aluminum alloy. The entire clamp is therefore fabricated from nonmagnetic, 
nonferrous material. 
The clamp was also instrumented with one set of Vishay general purpose strain gages on the top 
fiber of the clamp, called CA1 and CB1 for clamp parts A and B, respectively; these gages are 
designed to measure the axial bending strains in the clamp.8 A second set of gages was installed 
immediately above the cloverleaf cutout, oriented also in the axial bending strain direction, see 
Figure D-27. These gages are labeled as CA2, CA3 for the clamp’s A part and CB2, CB3 for the 
                                                 
8 Vishay Precision Group EA-13-250UW-120 General Purpose Strain Gage – Linear Pattern, Micro-Measurements, 
Raleigh, NC. 
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clamp’s B part. They serve as a backup to the higher fidelity gage locations on the top and the 
bottom of the clamp, as they are less susceptible to damage during bolt tightening. 
 
Figure D-27: View of fully instrumented heavy duty clamp. The various strain gages can be seen on top, between the 
bolts, as well as on the sides; they are wired with twisted Vishay low-impedance strain gage wire. 
To complete the setup, the strain gages were wired with Vishay low-impedance wire and connected 
to SCXI-1314 universal strain bridge terminal blocks.  
Low Range Torque-to-Load Calibration 
As with previous instrumented clamps, we developed a two-part calibration curve. First, the strain 
measured in the gages was correlated to compressive load directly applied to the sample using a 
calibrated Instron electromechanical UTM used in previous similar calibrations. Then, this clamping 
force was related to the torque applied to the bolts by use of a calibrated torque wrench. Although 
the second part of this calibration is highly dependent on the friction interaction between the bolt, 
nut, and clamp body, it serves as a general guideline for bolt-tightening during an active experiment. 
To quantify the strain-load relation, we placed cut bolts and nuts into the bolt holes to simulate the 
geometry of the clamp when in service. We then positioned the clamp in between the compression 
platens of the testing machine and loaded the sample in compression from 150 lb to 2500 lb (0.67 
kN to 11.11 kN). During the calibration run, load was recorded from the Instron UTM, and strain 
277 
was recorded for all strain gages. As expected, gages CA1 and CB1 showed the strongest indication 
of clamping force, so they were chosen as the most effective indicator of clamping force (Figure D-
28). 
  
   (a)       (b) 
Figure D-28: Calibration curves for measured resistive strain vs. clamping force for (a) CA1 and (b) CB1. The equations 
for each trend line are shown in each graph, for reference. 
Subsequently, the clamp was tightened around the actual wire sample. The bolts were tightened to 
the following torques with an instrumented torque wrench and resistive strains were recorded: 20 lb-
ft  30 lb-ft  40 lb-ft  50 lb-ft  55 lb-ft (27.1 Nm  40.7 Nm  54.2 Nm  67.8 Nm  
74.6 Nm). The time histories are shown in Figure D-29. Each plateau represents a specific torque. 
































Figure D-29: Data series of measured resistive strain vs. bolt torque for (a) strain gage CA1 and (b) strain gage CB1. 
Merging the two data sets allows us to quantify the relationship between bolt torque and clamping 















































   (a)       (b) 
Figure D-30: Calibration curve for bolt torque vs. clamping force for (a) CA clamp component and (b) CB clamp 
component. The respective polynomial regression is shown as a dashed line. 
Using the average of the two regressions shown in Figure D-31, the following best fit results: 
 
Figure D-31: Average calibration curve of the two clamp parts showing clamping force vs. bolt torque for both clamp 
parts CA and CB. 
A torque of 40 lb-ft (54.2 Nm) would therefore result in an estimated 4.5 kip (20.0 kN) of 
compression, a 55 lb-ft (61.0 Nm) torque in 5.9 kip (26.2 kN). However, there is an apparent 
discrepancy between the two strain readings in this trial. In the same trial, one gage indicated 
approximately 50% higher readings, as indicated by the linear term of the polynomial regression. 






























































calibrations was repeated shortly after the completion of the deployment, as outlined in the 
following section. 
Maximum Torque Capacity 
Although the use of aluminum for the clamp’s bulk and fasteners provides a significant advantage in 
neutron strain measurement, the material is considerably weaker and more brittle than steel. It was 
therefore necessary to quantify the maximum torque capacity of the bolts to ensure that the system 
would not fail in low-cycle fatigue during an experiment. 
A low-cycle fatigue test was performed to determine the number of times a set of bolts could be 
used during testing before said bolts lost integrity. During this test, the clamp was secured in 
Carleton Laboratory’s vice by its bolts. The bolt was separated from the clamp body by a washer 
placed on the top and bottom of the clamp as show in Figure D-27. The aluminum nuts were 
threaded onto the bolts. Wire stubs were inserted into the clamp to mimic the presence of a 7-wire 
specimen. A 3-foot long, torque wrench (calibrated to imperial units of lb-ft) was used to apply 
torque to the nuts. The nuts were then torqued to 150 lb-ft (135.6 Nm) and untorqued to 0 lb-ft (0 
Nm) twenty times. Observations of bolt behavior was recorded. 
To begin, the nut was screwed onto the bolt hand-tight. Then the bolt was tightened to the 
following torques: 30 lb-zft50 lb-ft75 lb-ft100 lb-ft125 lb-ft150 lb-ft (40.7 Nm67.8 
Nm101.6 Nm 135.6 Nm169.5 Nm203.4 Nm). After 150 lb-ft (203.4 Nm), the bolts were 
loosened with the torque wrench still set to 150 lb-ft (203.4 Nm). 
In the first torque cycle, we were able to screw the nut onto the bolt by hand. After unscrewing the 
bolt, using hands to remove the nuts was no longer possible. After 10 cycles, the nuts were sticking 
heavily and a pipe extension was required to continue with this exercise. The threads were wearing 
heavily and were being stripped with each application of the torque wrench. 
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                                                     (a)       (b) 
Figure D-32: (a) Overview of the clamp bolts after repetitive torqueing. (b) Detail of bolt distortion after repetitive 
torqueing. Flakes of the aluminum bolts can be seen on the top of the clamp and washer. 
After the full 20 cycles, the ends of the bolts were completely stripped of thread and the nuts had to 
be removed with brute force, Figure D-32. After the completion of this test, it was determined that 
10 torque cycles of the bolt would be the maximum allowable cycles to performed on a single set of 
fasteners, providing a safety factor of 2. 
High Range Torque-to-Load Calibration 
The low-range torque-to-load calibration was performed only to a maximum load of 11.1 kN (2.5 
kip). By the original calculations, this amounted to roughly 34 – 41 Nm (25 – 30 lb-ft) of torque 
applied on the bolts. During the deployment the clamp was subjected to a maximum torque of 150 
Nm (110.6 lb-ft) on each bolt. Additionally, there was a mismatch in measured strains between the 
two sides of the clamp during the initial calibration procedure, evidence that the calibration was not 
optimally performed. The clamp was therefore recalibrated upon completion of the ORNL 
deployment to ensure bolt torque and resistive strain to clamping force correlations. 
Six strain gages are instrumented onto the clamp, but the primary ones of note (and thus used in the 
calculations) are CA1 and CB1 which are placed on the top and bottom of the clamp between the 
bolts. These locations are prime because they experience the maximum amount of bending strain in 
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the clamp geometry. The calibration was again performed with the Instron 5984 34k Universal 
Testing Machine at Carleton Laboratory (Figure D-33). 
  
  (a)       (b) 
Figure D-33: (a) Overview of test setup for loading 7-wire clamp with Instron 5984 34k in the Carleton Laboratory 
during clamp calibration and (b) close-up image of clamp before loading. 
Three load cycles were performed in which the load was increased monotonically from 0 to 56 kN 
(0 to 14 kip) and then back down to zero. Between each cycle, the testing machine dwelled for two 
minutes without touching the platen to the clamp, allowing the clamp and wire matrix to reconfigure 
to its original rest state before being reloaded. The strain measurements recorded during this dwell 
time were later used to demean the measured strain readings. For the purposes of calculation, only 
the strain data in the loading direction was considered. The unloading data served to confirm that 
the clamp remained in the elastic domain, as the strains reliably returned to their origin after each 
loading and unloading run. The relation between measured resistive strain for both CA1 and CB1 
versus measured compressive load is shown in Figure D-34. 
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Figure D-34: Measured microstrain vs. compressive load for strain gages CA1 and CB1. Although there is a 10% 
discrepancy between the two strain gages, the readings are highly repeatable and linear, lending them a high confidence 
degree. 
The second component of the calibration, the relation between bolt torque and measured strain was 
performed by placing the clamp in a vice and manually torqueing the bolts to successively higher 
torques using a calibrated wrench. Each torque step was held for a minimum of one minute before 
proceeding to the next step. Strain was measured before the initial torqueing as well as after the 
tests, once bolts were completely loosened; both the start and end zeros were used in the demeaning 
of this data set. The following torques were applied to both bolts of the clamp: 
30405070901101201301401501600 lb-ft 
(40.754.267.894.9122.0149.1162.7176.3189.8203.4216.90 Nm). The raw 





















Figure D-35: Time history of measured microstrain at different clamp bolt torques. The strain results from a successive 
set of increasing torques applied to both nuts on the instrumented large Al clamp, as applied by an instrumented torque 
wrench. 
Only CA1 and CB1 are shown in this graph as they are the most sensitive indicators of the applied 
torque. The other gages serve merely as a backup in case the extreme-fiber bending strain gages 
(CA1 and CB1) are damaged during the torqueing operation. The correlation between bolt torque 
and average strain for each gage at each load step yields the following calibration curves, see Figure 
D-36. 
 
Figure D-36: Calibration curve relating applied bolt torque to measured microstrain for each load step. The best fit lines 
are for the two clamp halves are shown, outlined in their respective colors. 
Combining the data relating measured strain with compressive force (Figure D-34) with the data 










































clamping force with bolt torque (Figure D-37). The high degree of linearity as well as the high R2-
value underlines the high confidence level of this calibration. 
(a)  
(b)  
Figure D-37: (a) Calibration curve relating compressive clamping force to applied bolt torque. (b) Combined calibration 
curve relating average strain of CA1 and CB1 to compressive load. This curve serves as a crucial first-order guide when 
applying torque to a clamp in a time-sensitive experimental environment such as a neutron beamline. 
In conclusion, then the average clamping force of the Al clamp at a target 50 Nm (36.9 lb-ft) of bolt 
torque is 13.56 kN (3.0 kip). An applied torque of 150 Nm (110.6 lb-ft) effects an estimated 40.35 








































ORNL Specimen #1 
Specimen Fabrication and Instrumentation 
Using all of the experience gained in the fabrication optimization study, we fabricated two identical 
specimens, allocating the specimen with the best performance as the main specimen and the second 
as a backup. The backup was produced to safeguard against a possible PID instability in the 
VULCAN MTS frame of possible damage or loss during shipment to ORNL. The architecture of 
this frame as well as the lack of experience of both the VULCAN scientists and the Columbia 
research group with the frame forced us to make this somewhat expensive but precaution. 
Additionally, the backup sample could be used to tune the frame’s PID feedback control parameters 
without endangering the primary specimen. 
 
Figure D-38: Schematic view of Specimen #1, showing strain gage positions and overall wire dimensions. The 
chamfered sockets were reused from the previous IPTS-9161 experiment after being modified to prevent in-socket wire 
failure. 
The specimens were produced of seven ASTM A586 wires. The net wire length – the length of free 
wire between the sockets – was 740 mm (29.1 in) while the gross length of the sample was 950 mm 
(37.4 in), as shown in Figure D-38. The maximum capacity of the VULCAN MTS frame is 1000 
mm (39.3 in) with the axial pistons fully retracted (i.e., no tension capacity), so this design allowed 
for up to 50 mm (1.97 in) of “slack” in the testing machine. This is a safe assumption, considering 
that previous less optimally fabricated samples have extended no more than 5 mm (0.2 in) when 
pulled to 200 MPa (29.0 ksi) of engineering stress. Similar to older samples, the center wire was cut 
at a distance of 185 mm (7.28 in) from the inner edge of Socket A to simulate a wire fracture. The 
specimen was fabricated per the aforementioned specimen fabrication procedure. 
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Four rosettes of the previously used small-footprint strain gages were affixed at a distance of 20 mm 
(0.79 in), 150 mm (5.91 in), 300 mm (11.8 in), and 450 mm (17.7 in) from the crack.9 The gage 
matrix measures 7.40 mm (0.290 in) by 3.30 mm (0.130 in) while the active gage grid dimensions are 
3.18 mm (0.125 in) by 1.57 mm (0.062 in). The relatively small amount of exposed surface for each 
wire required the use of such compact gauges. To complete the setup, the strain gages were wired 
with Vishay low-impedance wire and connected to SCXI-1314 universal strain bridge terminal 
blocks, Table D-9.  
























































1102C  Empty  Empty       
                                                 
      CH 0     S1.1  S2.1  S3.1  S4.1        CA1     Force             
      CH 1     S1.2  S2.2  S3.2  S4.2        CA2    
MTS 
Strain             
      CH 2     S1.3  S2.3  S3.3  S4.3        CA3     Torque             
      CH 3     S1.4  S2.4  S3.4  S4.4        CB1    
Matrix 
Angle             
      CH 4     S1.5  S2.5  S3.5  S4.5        CB2    
Angle 
Offset             
      CH 5     S1.6  S2.6  S3.6  S4.6        CB3    
MTS 
Disp.             
      CH 6     ‐  ‐  ‐  ‐        ‐     ‐             
      CH 7     ‐  ‐  ‐  ‐        ‐     ‐             
                                                  
 
A total of 30 strain gages was conditioned by a National Instruments SCXI-1001 chassis using four 
SCXI-1520 8-channel strain conditioners which were controlled by a National Instrument PXIe-
1078 chassis and PXIe-8360 conditioner card. Additionally, six critical channels of Force, Strain, 
                                                 
9 Vishay Precision Group EA-06-125BT-120 General Purpose Strain Gage – Linear Pattern, Micro-Measurements, 
Raleigh, NC. 
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Torque, Angle, Angle Offset, and Displacement were also acquired from the D/A channels of the 
VULCAN MTS FlexTest 60 controller. 
Specimen Conditioning 
The specimen was then subjected to an extended conditioning trial to test strain partitioning as well 
as guarantee its stability and safety at test loads. The sample was set up in the Carleton Lab MTS 
UTM and loaded in tension to 175 MPa (25.4 ksi) and held at that service stress for 20 hours.10 The 
sample was not clamped during the test. Strain from all four rosettes were recorded during the 
duration of the test, see Figure D-39. This shakedown test also served to test the strain gage 
connections at the various rosettes. 
 
   (a)       (b) 
 
   (c)       (d) 
Figure D-39: Strain time histories for (a) Rosette #1, (b) Rosette #2, (c) Rosette #3, and (d) Rosette #4. 
 
                                                 
10 MTS Dynamic Universal Testing Machine, Model 793 Load Frame with FlexTest 40 Controller, MTS Systems 
Corporation, Eden Prairie, MI. 
289 
Indeed, two gages in both Rosettes #3 and #4 did delaminate and provided no meaningful data. 
These gages were replaced after the conditioning run. 
Wire #5 exhibited a very high deviation in strain between the four rosettes. Since the bundle was 
completely unconfined (i.e., no clamping), this type of deviation can only be ascribed to epoxy resin 
failure. Although highly deviatory, strain #5 was not omitted from the strain partitioning statistics. 
The strain gages registered an average variance amongst members of each rosette of 20% between 
wires. 
The specimen did not exhibit any birdcaging during fabrication. However, after the conditioning 
run, wire #5 protruded from the parallel strand section. This confirmed the initial hypothesis that a 
local failure occurred in the epoxy puck. The one deviation from the tested fabrication procedure in 
this sample was that only one screw was inserted in each socket. This, as well as other unknowns, 
may have been the cause for imperfect load sharing and slippage of wire #5 from the socket. The 
second specimen was therefore built with two screws inserted into each grip, and extra care was 
taken to guarantee a well-built, balanced cross section in both sockets. 
ORNL Specimen #2 
Specimen Fabrication and Instrumentation 
The second sample was built to the same dimensional specifications as the first, with a few 
exceptions, Figure D-40. 
 
Figure D-40: ORNL Specimen #2 immediately before potting. 
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In order to defray sunk cost hazard caused by a failed specimen, the system was instrumented with 
only two rosettes of strain gages at a distance of 20 mm (0.79 in) and 150 mm (5.91 in) from the 
crack during the initial conditioning run. As previously mentioned, two screws were inserted into 
both Sockets A and B before they were potted with epoxy resin. 
 
Figure D-41: Schematic view of Specimen #2. The strain gage rosettes are shown; all dimensions are in millimeters. 
The second specimen, as shown schematically in Figure D-41, looks almost identical to Specimen 
#1. The only noticeable difference is the lack of chamfering on the sockets. The sockets for 
Specimen #2 were recycled from the previous ORNL deployments, where the extremely short 
sample length required that the sockets be chamfered to provide sufficient incident and diffracted 
neutron beam clearance. This set, however, was fabricated from scratch for this deployment, and the 
length of the sample negated the need to chamfer the ends. 
Specimen Conditioning 
The specimen was set up in the Carleton Lab Instron 1500 HDX UTM (Figure D-42).11 A different 
testing machine was used due to scheduled maintenance on the MTS Dynamic UTM. The Instron 
static UTM sufficed for this test since the loading was not dynamic. All Carleton Laboratory 
                                                 
11 Instron Model SATEC 1500HDX hydraulic Universal Testing Machine, Instron, a subsidiary of International 
Toolworks Inc., Glenview, IL. 
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universal testing machines are calibrated pursuant to ASTM E4, so the data is interchangeable 
between machines.  
   
Figure D-42: ORNL Specimen #2 during load shakedown at Carleton Lab. 
The specimen was loaded monotonically to 175 MPa (25.4 ksi) service stress and held at that load 
for 18 hours. Strains were recorded for the duration of the test and load partitioning studied, Figure 
D-43. The second specimen exhibited a strain standard deviation of 115 με to 170 με at 850 με, 
depending on strain rosette, an average variance in strain of 17%.  
 
   (a)       (b) 
Figure D-43: Strain time histories for (a) Rosette #1 and (b) Rosette #2. 
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Specimen #2 exhibited greater stability and showed no birdcage effect after testing, underlining that 
this sample was effectively socketed and should therefore provide repeatable results. Apparently, the 
great care taken during the fabrication process and the extra screws generated a high-quality test 
specimen. Specimen #2 was chosen as the primary sample due to its higher dimensional stability and 
more optimal strain partitioning. In preparation of the ORNL deployment, Specimen #2 was 
instrumented analogously to Specimen #1 with four rosettes of strain gages. 
  
   (a)       (b) 
Figure D-44: (a) Both Specimens #1 in the front and #2 in the rear after full strain gage instrumentation. The small Al 
clamp is attached to Specimen #1 simply to prevent the sample from turning about its long axis and damaging the strain 
gage connections during shipping. (b) Specimens packed in the Pelican case with protective foam insert. 
The strain gage wiring was then tied down to the wire with electrical tape to prevent damage during 
shipment, packed into a Pelican hard case (i.e., rifle case) and shipped to ORNL VULCAN, as 
shown in Figure D-44.12 
Specimen Installation and Calibration at VULCAN 
The 7-wire sample was the first sample mounted in the VULCAN frame during IPTS 11416.1. 
Detector alignment and frame tuning had were performed immediately before this test. Sample 
installation occurred on 25 February 2015, the first day of beam time in this deployment. 
                                                 
12 Pelican Long Case, Model 1750, Pelican Products, Inc., Torrance, CA. 
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VULCAN MTS Load Frame 
It is important to note that MTS has since retrofitted the frame’s torsion actuator with a downsized 
flow hydraulic control valve since the last feedback loop tuning was performed by the author in the 
ORNL IA deployment. Consequently, the previous calibration was no longer applicable to the frame 
and had to be re-tuned for this experiment. Table D-10 provides an overview of the specifications 
of the VULCAN MTS Load frame. 
Table D-10: VULCAN MTS Universal Testing Machine Specifications 
Property Range 
Force ±100 kN (±22.5 kip) 
Torsion  ±400 Nm (±295 lb-ft) 
Axial Stroke (per piston) 95 mm (3.74 in) 
Maximum Sample Capacity (collet-to-collet) 953 mm (37.5 in) 
Angle Stroke (each actuator) 90° 
 
The VULCAN frame exhibits an idiosyncrasy in the definition of its angle commands. The angle 
encoders and their respective commands and feedback are coupled. They are not controlled 
independently. Two control inputs exist: Matrix Angle and Offset Angle.  
Matrix Angle is defined as follows: 
ߠ௠௔௧௥௜௫ ൌ ߠଵ െ ߠଶ 
where ߠଵ and ߠଶ are the measured angles from the angle encoders on crossheads 1 and 2, 
respectively. Both readings are normalized to the same base rotation vector, equivalent to the ݕ-axis 
of the user coordinate system. Therefore, ߠ௠௔௧௥௜௫ is equivalent to the classical angle of twist, as used 
in uniaxial torsion in engineering mechanics problems. However, since the system actuated in an 
antisymmetric fashion, the neutral plane is somewhere in the sample. If the system’s torsional 
stiffness is constant along the ݕ-axis, or at least symmetric around the center of area of the system, 
then this neutral plane can be assumed to be located at or near the center of the sample. 
The second measure of rotation, Offset Angle, is defined as: 
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ߠ௢௙௙௦௘௧ ൌ ߠଵ ൅ ߠଶ 
Although intuitive in the sense of dynamic feedback architecture, this definition presents one 
important caveat. The Offset Angle as commanded by the user has no direct physical significance. 
The actual rotation of the sample in the ݕ-axis, ∅௬ is only half of the commanded ߠ௢௙௙௦௘௧. Although 
this is a trivial conversion, it is unusual that a certified and calibrated load frame’s command and 
feedback structure is not based on real physical units. 
ߠ௢௙௙௦௘௧ ൌ 2∅௬ 
For the sake of clarity, it is important to distinguish between Angle Offset (ߠ௢௙௙௦௘௧) or Sample 
Rotation (∅௬). 
Upon arrival at VULCAN, the frame was still located outside the cave. We therefore commenced to 
first adjust the crossheads to the near-maximum outward position, taking care not to pinch hoses 
and sensor cables. The pump was then activated and the system allowed to warm up. We then 
mounted the backup specimen in the collet grips of the testing machine, as shown in Figure D-45. 
The VULCAN frame is a two-sided system with two axial-torsion actuators, greatly increasing its 
susceptibility to PID feedback instability due to coupled solid-body modes. This instability is present 
on both the axial and torsion channels, although the very low torsional stiffness of specimen makes 
this channel considerably more prone to instability. Since PID feedback instability can transmit 
extremely high forces to the mounted sample in very little time, the frame was tuned with the 
backup sample.  
Once clamped, the sample was tensioned to 100 MPa (14.5 ksi) engineering stress, elongating only 
0.59 mm (0.023 in). When the sample was twisted in angle control mode from 0° to 2°, a torque of 
1.73 Nm (1.28 lb-ft) resulted, an extremely low torsional stiffness of only 0.87 Nm/° (0.64 lb-ft/°). 
The frame was tuned using the industry-standard online manual tuning procedure for optimal 
control. A sinusoidal input ranging of 5 Nm (3.69 lb-ft) at 0.3 Hz to 2 Nm (1.48 lb-ft) at 0.6 Hz was 
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used to ensure that the final tuning parameters were stable independent of command magnitude and 
frequency that would be readily created by the frame during monotonic axial-torsion loading 
schemes. During the initial Proportional-only tuning phase, the high-P instability threshold was 
identified at P=2.00. 
 
Figure D-45: View of backup sample mounted in MTS UTM frame. At this point, the frame is located outside the 
VULCAN cave. 
The following tuning parameters resulted, Table D-11: MTS Torsion PID feedback constants before 
and after tuning. 
Parameter  As-Found  Tuned  
P 0.10 0.55 
I  0.10 0.10 
D 0.00 0.00 




Table D-11: MTS Torsion PID feedback constants before and after tuning. 
Parameter  As-Found  Tuned  
P 0.10 0.55 
I  0.10 0.10 
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D 0.00 0.00 





The specimen was installed in the collet sockets of the VULCAN MTS torsion frame inside the 
cave, the shielded area in where the neutron beam interacts with the specimen. It was mounted at a 














Figure D-46: Schematic of the experimental geometry at VULCAN. Only the central plane which contains the incident 
beam and the x and y axes of the sample are shown. 
Once clamped, we performed a load shakedown of the specimen to minimize elasto-plastic creep of 
the potting epoxy, slippage of the epoxy-wire interface, and to generally stabilize the sample in the 
load frame. 
Stress Transfer Factor (STF) 
In order to easily quantify the amount of stress transferred from the continuous outer wires (TN, 
TF, CN, CF, BN, and BF) to the center wire, we define the Stress Transfer Factor (STF). It is 
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defined as the ratio between the stress in the center wire divided by the mean value of the stress in 
the outer wires. In the elastic regime, this relationship is directly proportional with the ratio of the 
equivalent strain measurements: 
 ܵܶܨ ൌ ఙ೎೐೙೟೐ೝఙഥ೚ೠ೟೐ೝ 	ൌ
ఌ೎೐೙೟೐ೝ
ఌത೚ೠ೟೐ೝ 	      (2) 
Consequently, an STF value of 0 denotes no stress transfer while an STF value of 1 denotes 100% 
stress transfer to the center wire, i.e., common load partitioning between all member wires.  
Neutron Strain Measurement 
For the duration of the experiment, the neutron detector bank 1 or west bank resolved axial strain 
and neutron detector bank 2 or east bank resolved transverse strain. We used the time-of-flight 
neutron scattering data to create a spectrum, counting neutrons versus atomic plane spacing (Å). 
The peaks in this spectrum denote the atomic plane spacings, dhkl, of particular sets of lattice planes, 
where h, k, and l denote the Miller indices of the diffracting set. Elastic strains naturally cause these 
spacings to change, shifting the peaks of the spectrum. In the case of these measurements, we use 
the combination of all measured dhkl to calculate a, the lattice parameter of the material. Using 
Rietveld refinement via the Los Alamos GSAS program, we calculate the lattice parameters of the 
BCC ferrite phase of the ASTM A586 steel in the bridge wire in both the axial (ay) and transverse (ax) 
directions. The axial strains can then be computed using the simple equation: ߝ௜௜ ൌ ሺܽ௜ െ ܽ଴ሻ ܽ଴⁄  
where ݅ ൌ ݔ, ݕ, ݖ and ܽ଴ is the unstressed lattice parameter. In our case, ܽ଴ will be set at a 
standardized preload. Since all strain calculations are relative, this is permissible as long as said ܽ଴ 
convention is used consistently throughout the experiment. 
After the initial test runs, we found that we could confidently measure axial strain with a resolution 
of 30 microstrain with 3.0 million monitor counts (25 minutes of machine time). For this 
experiment, Bank 2 served merely as an internal test, allowing us to confirm Poisson thinning 
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ሺߝ௫௫ ൌ ߝ௭௭ ൌ ߥߝ௬௬ሻ in the transverse direction with respect to the more highly-resolved axial lattice 
strain from Bank 1. 
Detector Alignment & Calibration 
Collimator Alignment 
Detector banks 1 and 2 are banks are located at 90° angles to the incident beam. The diffracting 
beam is collimated by two radial collimators placed in front of the detectors. Proper alignment is 
absolutely critical to ensure that the two independent detector banks measure the same diffracting 
beam volume in the sample. A failure in alignment – an inaccuracy in either angle or displacement of 
the collimator in any degree of freedom – results in the two banks measuring different positions in 
the sample.  
The following coordinate conventions apply all measurements in this experiment. The center of the 
motorized stage is the origin of the Cartesian coordinate system, as shown in Figure D-47. Since the 
original right-handed coordinate system is based on the stage’s position with the frame of reference 
of the ground, but the user coordinate system is based on the beam’s position with the frame of 
reference of the stage, the resulting coordinate system is reversed in all three Cartesian directions 
and therefore left-handed. In the user coordinate system, the ݖ-axis is oriented towards the center of 
the earth (i.e., points down). The ݔ െ ݕ plane is normal the ݖ-axis, or more intuitively, parallel to the 
floor of the laboratory and therefore also parallel to the incident neutron beam. The ݔ and ݕ  axes 
are rotated in ݖ such that both axes face the incident neutron beam with a 45° angular offset. When 
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installed, the MTS test frame is collinear to the ݕ-axis. Consequently, all force and torque are applied 
in ݕ.  
 
Figure D-47: Plan view schematic of incident, transmitted, diffracted beam, and resulting beam volume in the sample. 
The gray bridge wire shown above has a 5 mm (0.2 in) diameter while the incident beam measures 2 mm by 2 mm (0.079 
in by 0.079 in). Since the wire is oriented 45° to all beams, a 2√2	ܾݕ	2 mm (0.111 by 0.079 in) beam spot results in the 
plane orthogonal to the ݕ-axis (long axis of the wire). 
Considering the high spatial resolution required by the 5 mm (0.2 in) diameter wires, the beam slit 
was set to 2 mm by 2 mm (0.079 in by 0.079 in) width and height. Radial collimators with an 
acceptance width of 2 mm (0.079 in) were used to create a 2 x 2 x 2 mm3 (0.079 x 0.079 x 0.079 in3) 
theoretical beam volume. This beam size allows us to remain quite tightly within the bounds of a 
single wire, as shown in Figure D-47. It is therefore pivotally important that the beam be precisely 
aligned, especially in the ݔ-axis, as the beam’s gage volume is barely within the wire. The maximum 
diagonal dimension of the gauge volume in the cross section of the wire is 4.83 mm (0.190 in). 
However, it should be noted that the beam’s intensity is far from constant across its cross section. A 
Gaussian or quasi-Gaussian distribution is generally used to describe its intensity profile. 








runs to minimize beam divergence present in the VULCAN diffractometer due to a lack of incident 
beam collimation. 
 
Figure D-48: View, from left to right, of 5 mm (0.2 in) horizontal pin, 1 mm (0.039 in) vertical pin on adjustable 6-DOF 
manual precision stage, and vanadium calibration sample. During this alignment scans, the 1 mm pin shown in the 
center was mounted in both vertical and horizontal orientations. 
The collimators were aligned by the VULCAN beamline scientists in preparation for the 7-wire 
specimen. Again, the importance of proper alignment cannot be understated. If one or both 
collimators are not properly aligned in ݖ rotation and/or in ݔ and ݕ translation, the gauge volume 
visible to the detectors will remain in the diffracting beam volume but will measure different points 
along the sample without the immediate knowledge of the user. A disparity in ݖ alignment would be 
easily detected since the collimator would either incompletely capture the diffracting beam volume, 
which would cause a shadow in the detector, or in the extreme case would fail to count any 
neutrons. In order to confirm the proper alignment of both detector banks, a series of pin alignment 
runs were performed using a 1 mm (0.04 in) vertical pin. The pins used for the alignment were 
mounted to a small optics table located on the bottom post of the MTS VULCAN frame, mounted 
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to the precision stage in the VULCAN cave. Both detectors and their respective collimators were 
aligned by scanning the pin while rotating and translating the precision of each separate collimator. 
Once a maximum intensity was found, the stage position was locked. Ultimately, the crew was able 
to align the East and West banks to within 20% of intensity of each other. 
1 mm Pin Scans 
Edge-finding of the beam and confirmation of collimator alignment in ݕ and ݖ directions is 
relatively straightforward. It can be achieved by scanning a body of known cross section (i.e., a pin 
of known diameter) and integrating the intensity of either the entire diffraction spectrum or a 
dominant diffracting peak. Note that choosing the entire diffracting pattern for the integrated 
intensity scan results in higher detector counts but creates significantly more background noise. The 
false counts detected when the beam is not diffracting through a specimen are higher, resulting in a 
more obscure baseline. Therefore, integrated intensity was measured for only the dominant 
diffracting peak in both in the East and West Banks. The vertical 1 mm (0.04 in) pin was translated 
±5 mm (±0.2 in) from the assumed ݔ position of the beam in 0.5 mm (0.02 in) increments. As the 
pin travels through the beam, its integrated intensity represents the convolution of the beam volume 
with the pin volume. The first goal of these intensity scans was to quantify horizontal and vertical 
beam divergence with respect to the distance of the beam parallel (incident beam supply with 
vertical and horizontal apertures) distance away from the centerline of the sample, e.g. the vertical 
pin or any other diffraction target. Initially, the beam parallel was positioned at 200 mm (7.87 in) 
distance from the ݕ-axis of the experiment, and the beam was measured by performing an ݔ scan 
and deconvoluting the beam size from the intensity scan. The resulting beam dimensions were too 
high, pointing to significant divergence of the beam in ݔ. The beam parallel distance was 
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subsequently reduced to 150 mm (5.9 in) and finally to 100 mm (3.9 in), where the divergence was 
within acceptable limits, as detailed below. 
 
   (a)       (b) 
Figure D-49: x-scan performed on 1 mm (0.04 in) pin, scanning vertically through 10 mm (0.4 in) of space in 0.5 mm 
(0.02 in) increments for (a) Bank 1 and (b) Bank 2. Assuming a Gaussian peak shape, both the peak center and beam 
width can be evaluated. 
An ݔ-scan was repeated with the new beam parallel position and integrated intensity was collected 
for east and west banks separately, as shown in Figure D-49. The East and West Banks reported a 
peak center at -12.96 mm and -13.12 mm (-0.51 in and -0.52 in), respectively. These results 
confirmed that the collimators were indeed aimed at the same location in the diffracting beam 
volume, within an acceptable margin of error. The beam width was deconvoluted from the intensity 
scan as well: 2.12 mm (0.083 in) and 1.94 mm (0.076 in) for East and West Banks, respectively. 
Apparently, there was almost no horizontal divergence of the beam at 100 mm (3.9 in) beam parallel 
position. This was welcome news, as the horizontal beam dimension increased by the 45° angular 
offset of the sample to the beam in the ݔ െ ݕ plane. The horizontal dimension of 2.8 mm (0.11 in) 
is acceptable since the beam volume can remain within the cross section of one wire. 
Additionally, a scan was conducted on the same pin mounted horizontally; the integrated intensities 
are shown in Figure D-50. At 150 mm (5.9 in) beam parallel position, a vertical slit aperture of 2 mm 
(0.08 in) resulted in a beam height of 3.76 mm (0.15 in). This high vertical divergence could only be 
combated by moving the beam parallel as close a practically possible to the sample. The beam slit 
was then moved to 100 mm (3.9 in) off the centerline, the closest practical distance of the beam slit 
from the sample. The pin was scanned in ݔ using both banks, yielding a beam height of 2.7 mm 
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(0.11 in) and a center at 0.56 mm (0.022 in). Since the East Bank precision stage was rotationally 
unstable in Ω (rotation in the ݕ-axis), the team considered it prudent not to invest any further time 
in optimizing this result. Great care was taken not to disturb the collimators during the experiment 
so as to maintain the current alignment and provide high confidence in the measured data.  
 
Figure D-50: z-scan performed on 1 mm (0.04 in) pin, scanning vertically through 10 mm (0.4 in) of space in 0.5 mm 
(0.02 in) increments. Assuming a Gaussian peak shape, both the peak center and beam width can be evaluated. 
Finally, transforming the bream width to the 45° orientation of the wire cross section, we arrived at 
a beam cross section of 2.87 ൈ 2.70	݉݉ଶ	ሺݓ ൈ ݄ሻ, which was almost square and still within the 
limits of the wire cross section. A comparison of the theoretical, and actual beam cross sections on 
the wires is shown in Figure D-51. The margin of error for beam volume positioning within the 
strand is, however, slim. Radially, there is about a half millimeter of allowable position error before 
the beam volume leaves the wire cross section and either enters a void or a neighboring wire. Both 
cases may cause significant skew in the measured data, so great care must be taken to ensure that the 




Figure D-51: Comparison of maximum allowable beam volume cross section (blue), theoretical beam cross section 
disregarding divergence (orange), and actual beam cross section (green) based on the measured beam size with a beam 
parallel position of 100 mm (3.9 in) off the centerline of the centroid of the beam volume targeted by the collimators. 
This beam size quantification is important providing confidence in the physical relevance of the 
measurements taken hereafter. The measurement volume, as it was quantified in these runs, will 
remain invariant as long as the beam parallel, collimators, and detectors remain untouched for the 
duration of the experiment. 
5 mm Pin Scan 
A final scan using a 5 mm (0.2 in) diameter pin was performed to confirm the previous beam size 
quantification. The larger pin creates a different convolution geometry, as shown in Figure D-52. In 
this case, the beam volume of assumed dimensions 2.87 ൈ 2.70	݉݉ଶ (0.112 ൈ 0.106	݅݊ଶ) 
traverses a diffraction target larger than itself, causing the integrated intensity of counted neutrons to 
saturate or plateau. The 5 mm (0.2 in) pin was chosen in this case since it represents the general 
geometry of the wires that will be scanned using this technique during sample alignment. Therefore, 
this peak should be roughly equivalent to a peak caused by a bridge wire while the beam volume 
traverses the cross section of the sample. This scan was performed in ݔ from -7 to +7 mm (-0.3 to 
+0.3 in) in 1 mm (0.04 in) increments. Deconvoluting the beam-sample interaction, the tail-to-tail 










wire, disregarding divergence: 2.83 ൈ 2	݉݉ଶ  
Wire Cross Section 
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starts to scatter in the steel bulk volume. This distance is simply the sum of the beam width and the 
wire diameter: 
8	݉݉ ൌ ݓ௣௘௔௞ ൎ ݀௪௜௥௘ ൅ 2 ቀݓ௕௘௔௠2 ቁ ൌ 5	݉݉ ൅ 2.87	݉݉ ൌ 7.87	݉݉ 
The experimentally measured peak-to-peak width is 8 mm, which is in strong agreement with the 
theoretical edge dimensions of 7.87 mm (0.31 in). 
 
Figure D-52: The cross section of the wire is superimposed on the graph to provide physical meaning to the integrated 
intensity. Assuming Gaussian peak shape, the Full Width at Half Maximum (FWHM) of the curve is 4.5 mm (0.17 in) 
and base-to-base dimension is 9 mm (0.35 in). The Gaussian assumption is, however, a weak one since the convolution 
of the rectangular beam traversing the larger circle generates a flat plateau with tails at each end and not a classic 
Gaussian shape. 
The relatively large step size taken for this measurement does warrant some caution since it does 
considerably limit the spatial resolution of the scan. The plateau provides another variable to 
Wbeam 
݀ݓ݅ݎ݁ ൅ 2 ቀݓܾ݁ܽ݉2 ቁ
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confirm proper beam size, as it should approximate – within the limited spatial resolution provided 
by this scan – the space in which the beam volume is fully engulfed by the wire cross section. For 
the sake of simplicity, let us assume that this condition is satisfied if the vertical face of the beam 
touches the outermost edge of the radius of the wire; although two edges of beam are not engulfed 
by the cross section, this will serve as a first-order approximation. In this case,  
2	݉݉ ൌ ݓ௣௟௔௧௘௔௨ ൎ ݀௪௜௥௘ െ 2 ቀݓ௕௘௔௠2 ቁ ൌ 5	݉݉ െ 2.87	݉݉ ൌ 2.13	݉݉ 
Although crude, the peak geometry once again satisfies this requirement. With all first-order checks 
satisfied, we can conclude that we have achieved high confidence in the geometric quantification of 
the incident beam, taking into account most importantly horizontal and vertical divergence due to 
the lack in incident beam collimation. 
Instrument Parameter File 
The GSAS refinement requires an understanding of the incident beam’s time-of-flight profile as well 
as the individual efficiencies of all detectors in the bank. The incident beam monitor provides the 
time-of-flight profile of the incident beam. The VULCAN beamline is equipped with two redundant 
beam monitors, bm1 and bm2. For unknown reasons, incident beam monitor 1 showed an order of 
magnitude lower efficiency. The SNS instrumentation and sensors team was on-site at VULCAN 
during this experiment. The team attempted to find the cause of this discrepancy but failed to do so. 
Beam monitor 1 was therefore considered defective and its data generally discarded. In this 
experiment, as well as in past experiments at VULCAN, incident beam monitor 2 (bm2) was used as 
a reference.  
The efficiency of the VULCAN detectors, however, is by convention tuned for each experiment by 
performing a set of calibration scans using elemental Vanadium (V) and Cesium Oxide (CeO2). 
Unlike the SMARTS beamline at LANL, where a calibration scan is performed only every beam 
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cycle, the somewhat temperamental nature of the VULCAN detector banks requires a more 
aggressive calibration routine. 
Vanadium Calibration Scan 
A plug of vanadium is used to measure the detector’s global and local efficiency as well as a measure 
of background (i.e., noise). This was possible since vanadium scatters incoherently. Since incident 
neutrons are scattered uniformly in all directions and are not a function of the direction of the 
incident beam, it can be assumed that a neutrons diffract evenly across the face of the detectors. 
This data was subsequently used to generate a setup-specific instrument file and served as a 
calibration baseline to normalize all neutron counts across the detectors to prevent skew of time-of-
flight counts due to uneven detector efficiencies. The uneven efficiency can be seen on the beam 
counts monitor as hot spots and dark spots. Although they remain, the instrument file removes the 
bias introduced by this heterogeneity. 
 
Figure D-53: Integrated intensity vs. time-of-flight (µs) of Bank 1 (blue) and Bank 2 (green). The diffraction pattern is, as 
expected, incoherent. The detector, specific readings of this run serve as the basis for the experiment’s instrument file, 
removing bias due to uneven detector efficiency. 
An eight-hour, 60 million monitor count (per bm2), vanadium scan was performed to create a high-
confidence instrument file. The results of the scan are shown in Figure D-53. Since the vanadium 
scatters incoherently, a large monitor count is required to count sufficient neutrons in the relatively 
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narrow acceptance angle of the detector. The scan was performed with the standard 2x2x2 mm3 
(0.08x0.08x0.08 in3) beam volume and collimation. 
Cesium Oxide Calibration Scan 
The CeO2 sample serves as a stress-free calibration standard with well-defined lattice parameters. 
The CeO2 is refined by the VULCAN scientists by varying the peak profile function and 
diffractometer constants, producing a well-calibrated basis for both the peak shape and position 
offset for the time of flight conversion to d-spacing. In conclusion, the CeO2 scan creates the 
transfer function from raw time-of-flight data to atomic lattice spacing, which has physical 
significance. These parameters are integral to the GSAS refinement, but since they are a function of 
the instrument rather than the specimen being measured, they are introduced into the GSAS 
refinement algorithm as constants (i.e., “instrument parameter file”) and not perturbed hereafter. 
The CeO2 scan was performed by scanning a Vanadium plug filled with stress-free CeO2 powder. 
The beam parallel was located at 100 mm (3.9 in), horizontal aperture 2 mm (0.08 in), and vertical 
aperture 10 mm (0.39 in). The following diffraction patterns resulted, Figure D-54. 
 
Figure D-54: Combined CeO2 measurement for both Bank 1 (blue) and bank 2 (green). This diffraction pattern is known 
to be stress-free, allowing the creation of the second component of the instrument file which relates the raw time-of-
flight neutron counts to atomic d-spacing. This information is fed into the GSAS algorithm and the relevant parameters 
fixed for all runs performed in this instrument configuration. 
 
309 
The CeO2 concludes the work necessary for the creation of a reliable instrument file. Per VULCAN 
beamline convention, this instrument file is valid for all measurements performed in the current 
instrument configuration. If major components or settings of the instrument such as collimator 
alignment or size are changed, then these measurements must be repeated and a new instrument file 
generated. 
Edge Effects Scan 
After the alignment of the detectors and the quantification of beam size, we performed an ݔ and ݖ 
scan on the horizontally oriented 5 mm pin to study the effect of partial beam contact with a 
specimen. The ݔ scan was performed at ݔ ∈ ሾെ1	݉݉, 0.5	݉݉, 3.5	݉݉ሿ where, by convention, 
ݔ ∈ ሾܽ, ܾ, ܿሿ  a=scan lower limit, b=scan step size, and c=scan upper limit. Both Bank 1 and Bank 2 
recorded for 200,000 bm2 counts (1.5 min). Subsequently, the scan was repeated vertically at z∈
ሾെ145	݉݉, 1	݉݉,െ140	݉݉ሿ. The results of the scan are in Figure D-55.  
Once the Instrument Parameter File was created, this first strain measurement could be Rietveld 
refined. The resulting fit error was 100 µε, which is unfortunately higher than the anticipated 
preferred maximum strain error of 40 µε, the equivalent error of a general duty resistive foil strain 
gage. This was the last scan performed before the 7-wire sample was mounted to the MTS frame 
inside the cave. By the time the instrument file was generated and the data refined, the wire strand 
was already undergoing its benchmark measurements, and this scan could not be repeated without 





   (a)       (b) 







Figure D-56: (a) Bank 1 scans. (b) Bank 2 scans 
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Configuration-Dependent Position Check 
Vertical (ݖ) and longitudinal (ݕ) alignment was performed using the calibrated camera’s crosshairs 
facing the incident neutron beam volume center, as shown in Figure D-57.Figure D-57: Calibrated 
camera positioning crosshairs providing the user a view of the y-z plane of the specimen. The 
camera has a position precision of 500 microns per VULCAN specifications. 
 
Figure D-57: Calibrated camera positioning crosshairs providing the user a view of the y-z plane of the specimen. The 
camera has a position precision of 500 microns per VULCAN specifications. 
The positions of the wires are shown in the user coordinate system for the two offset angle 
rotations, as this represents the actual configuration of the strand as it interacts with the neutron 
beam. The incident beam travels in െݔ in the user coordinate system.  
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Peak Fitting Error Analysis 
8 minute scan with 2x2x2mm beam 
 
Figure D-58: Time-of-flight neutron diffraction spectra for C and CN wires. C wire exhibits dominant 220 and 110 
texture while CN wire shows dominant 211 texture. 
Table D-12: Peak-fitting error using single-peak fitting and Rietveld refinement for all relevant peaks. All errors are in με. 
C Wire Bank 1 Bank 2 CN Wire Bank 1 Bank 2 
1-110 64 148 1-110 59 70 
2-200 724 126 2-200 635 68 
3-211 200 64 3-211 198 53 
4-220 55 165 4-220 63 104 
5-310 210 192 5-310 192 108 
6-222 NA NA 6-222 NA NA 
7-321 148 127 7-321 172 78 
Rietveld 37 44 Rietveld 39 28 
 
Bank 1 & 2 Refinement Results from Wire CN 
Single peak fitting error is based on the raw data, not by normalized data 
Showing here first collected raw data and then normalized data 
Best peak for Bank 1: [220]/[110] 
Best peak for Bank 2: [211] 
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Comparison between Rietveld and Single Peak with C and CN wires 
Bank C CN 
Rietveld SPF [110] SPF [211] Rietveld SPF [110] SPF [211] 
1 35 60 167 35 54 162 
2 44 133 70 27 70 49 
 
8 minute scan with 2x2x2 beam size; average value of two runs. Monitor 2 count 1M 
For Bank 1, both C and CN have to penetrate same wire depth, Bank 2 varies by x 
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Bank 1 – Single Peak Fitting 
110 200 211 
220 310 321 
 
Bank 2 – Single Peak Fitting 
110 200 211 




Comparison Among Different Measurement Conditions 
Monitor 2 counter efficiency changed, which does not mean we have twice as many neutrons. 
In 2013, we scanned C and CF, close to Bank 1; in 2015, we scanned C and CN, close to Bank 2. 
Therefore, 2013 and 2015 scan have better resolution at Bank 1 and 2, respectively. Note that (11) 
SPF error does not change much for Bank 1 due to its very strong peak values are averaged from all 





















13E11 1350K 25 min 2x2x2 1 26 51  
2 42 148  
7E11 700K 13 min 2x2x2 1 32 57  





13E11 3000K 25 min 2x2x2 1 28 51 127 
2 30 82 57 
8E11 2000K 15 min 2x2x2 1 29 53  
2 32  55 
4E11 1000K 8 min 2x2x2 1 35 56 165 
1 36 101 60 
 
Comparison of Binning 
Comparison with C and CN wires from multiple measurements. 
Bank C CN 
Coarse Fine Coarse Fine 
1 35 34 35 34 
2 44 42 27 25 
 
Fine binning effect was not significant in this case. Data are the average values from 49 runs in 2015 
measurements. Monitor 2 count was 1M. As for Bank 1, both C and CN have to penetrate same 
wire depth, so they are similar, but Bank 2 CN is much stronger than C wire due to shorter beam 
path in steel. Extensometer was clamped to the bottom near (BN) wire. 
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Test Results 
Run #1: -16° Parallel Unclamped 
The initial axial-only scan without a clamp served as a control run, a basis of comparison for future 
runs. The typical steel BCC diffraction pattern can be seen in Figure D-59. 
 
Figure D-59: Representative steel BCC diffraction pattern recorded during the benchmark run. The dominant (110) and 
(220) texture can be clearly seen in the longitudinal direction; this is a result of the extrusion process of the 6061 alloy 
aluminum. 
Since the load frame had to be commanded to a matrix angle of -16° to achieve a parallel, untwisted 
sample, this absolute twist magnitude was retained in the run description. In order to prevent major 
geometric and beam transmission configuration changes, the clamp was not removed from the 
specimen. Instead, the bolts were loosened, the top portion of the clamp (Side A) allowed to rest on 
the wire cross section. The bottom part of the clamp (Side B) was allowed to hang from the loose 
fasteners, but was not in contact with the cable section. The straightened strand was subjected to a 
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tension stress of 25 MPa (3.6 ksi), considered the benchmark for all other configurations. The 
system was unclamped for this run, as shown in Figure D-60. 
 
Figure D-60: Configuration of sample for baseline run. The clamp is attached to the cable in this run, but the bolts are 
not tightened. 
The specimen was first pre-loaded with 25 MPa (3.6 ksi), position scans were performed, and the 
system subsequently ramped in load control and held at each load in order to perform neutron 
measurements (3 million monitor counts, 25 minutes) on the C and CN wires at the strain gage 
rosette locations. Since all peripheral wires are instrumented with resistive strain gages, only one 
neutron measurement on the outer wire layer (i.e., CN wire) was required to fuse the resistive and 
neutron strain data. The strand was loaded in tension: 25  75  125  175  100  25 MPa 
(3.6  10.9  18.1  25.4  14.5  3.6 ksi). The first run yielded the following longitudinal 
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(Figure D-61) and transverse (Figure D-62) strain results. Upon inspection, the data passed the 
Poisson ratio self-test. As expected, the center wire carried finite stress, about 20% of the share of 
the outer wires as a function of mechanical interference and possibly minor confinement caused by 
the loose clamp. 
 
 






Figure D-62: Transverse neutron strains measured in the C and CN wires by Bank 2 for Run#1. 
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Run #2: -16° Parallel Clamped 
The second run served as a validation for work previously performed at Los Alamos National 
Laboratory’s SMARTS engineering materials diffractometer. The clamp was tightened onto the 
parallelized sample and the bolts tightened incrementally to 30  40  50  80  120  130 lb-
ft (40.7  54.2  67.8  108.5  162.7  176.3 Nm). Torqueing was discontinued at this point 
since the bolts started yielding in torsion. The system was then loaded in the same loading sequence 
as previously used and the C and CN wires were scanned at Rosettes #1 and #2 as well as five 
equally distributed points along the ݕ-axis inside the clamp. A consolidated set of plots showing the 





Figure D-63: Longitudinal neutron strains measured in the C and CN wires by Bank 1 for Run #2. 
These measurements agree quite well the results from LANL|SMARTS. 
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Run #3: Torsion Runs Unclamped 
The third run consisted of an abbreviated load path and reduced measurement population designed 
to accelerate data acquisition and efficiently utilize limited neutron time. Loads of 25  50  75  
125  and 175 MPa (3.6  7.3  10.9  18.1  and 25.4  ksi) were chosen since a nonlinearity 
was detected in the range of 25 to 75 MPa in the stress-strain curve of the mechanical 10 mm 
extensometer attached to the strand during initial exploratory runs. This nonlinearity is indicative of 
load shedding from the inner cut wire to the outer intact wire. Therefore, the engineering stress step 
of 50 MPa (7.3 ksi) was added to the loading regime to capture this transition. 
Increasing angles of twist were selected and C and CN wires were scanned at the neutral plane of 
rotation. Additionally, the C wire was measured at Rosette #4, at the far field stress location of the 
system. The following angles of twist were performed: -16°  0°  16°  32°  48°. 
-16° Angle of Twist Fast Run 
The parallel wire run surprisingly detected an STF of 0.36 at the neutral plane but only 0.11 at 
Rosette #4, near the socket, Figure D-64. 
 
Figure D-64: Longitudinal and transverse neutron strains measured at the three sparse points for the fast run at -16° 
angle of twist. 
  
324 
0° Angle of Twist Fast Run 
The 0° angle of twist run registered an incremental increase in the STF, as shown in Figure D-65. 
 
Figure D-65: Longitudinal and transverse neutron strains measured at the three sparse points for the fast run at 0° angle 
of twist. 
+16° Angle of Twist Fast Run 
The +16° angle of twist run exhibited no major increase in strain transfer, as shown in Figure D-66. 
 
Figure D-66: Longitudinal and transverse neutron strains measured at the three sparse points for the fast run at +16° 
angle of twist. 
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+32° Angle of Twist Fast Run 
Similarly, the +32° angle of twist exhibited essentially the same behavior as the lower angles, Figure 
D-67. 
 
Figure D-67: Longitudinal and transverse neutron strains measured at the three sparse points for the fast run at +32° 
angle of twist. 
+16° Angle of Twist Spatially Resolved Run 
Due to the unexpected saturation of the STF at around +32°, we decided to repeat the +16° angle 
of twist run with a higher spatial resolution. The CN wire was again measured at the neutral plane 
while the C wire was measured at the NP and all four strain rosettes. The loading profile was also 
modified to 25  50  75  100  125  150  175 MPa (3.6  7.25  10.9  14.5  18.1 




Figure D-68: Longitudinal neutron strains measured at all rosettes and the neutral plane for the spatially resolved run at 
+16° angle of twist. 
+48° Angle of Twist Spatially Resolved Run 
As the final run, another spatially resolved run was performed at +48° to test the theory if the 
friction transfer behavior had indeed plateaued or if we had just encountered a local minimum in the 
interaction behavior. The same loading and measurement scheme was employed as with the +16° 
angle of twist spatially resolved run. The following data resulted, Figure D-69. 
Comparing the distribution of the STF along the length of the C wire for the last two runs yields an 
interesting result, Figure D-70. Both runs exhibit a classical shear hump that decays to zero at 
Rosette #4. However, the C wire is assumed to be captured and bonded to the epoxy volume inside 
the socket immediately beyond Rosette #4. This result indicates that the C wire must have 
delaminated from the socket epoxy and has subsequently been unloaded. Considering the challenges 





Figure D-69: Longitudinal neutron strains measured at all rosettes and the neutral plane for the spatially resolved run at 
+48° angle of twist. 
 
Figure D-70: Spatial distribution of STF along the sample for both angles of twist of +16° and +48°. 
Since the survey, clearance, and return of this sample from ORNL took considerably longer than 
expected, a thorough forensic investigation of the sample, especially the socket, is pending yet 
imminent. Once dissected and surveyed in detail, we will be able to precisely define the boundary 
conditions experienced by the center wire during this test.  
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Single-Wire Steel Specimen 
 
Dimensions in millimeters. 




Lattice parameter changes at 25 MPa. Al clamp around steel wires caused lattice parameter changes 








With this experiment, we have accomplished multiple goals: (1) we have confirmed measurements of 
strain buildup due to friction and mechanical interference longitudinally inside a clamp previously 
made at LANL|SMARTS; (2) we have parameterized the effect of wire twist on load transfer 
between fractured and intact wires in a 7-wire parallel strand; and (3) we have successfully used 
neutron diffraction to detect damage previously unknown to the authors in said 7-wire parallel 
strand. The currently hypothesized delamination of the center wire near Rosette #4 has yet to be 
visually confirmed. However, the data strongly suggests such a local failure. A subsequent forensic 
analysis of the strand at the Carleton Laboratory will provide ultimate clarity on the question if the 
center wire was delaminated from the socket epoxy puck. Similar delamination failures have been 
identified by the team during the strand fabrication optimization study. 
This experiment series successfully concludes the 7-wire parallel strand study. As the basic 
parameters of this system are now understood, it has become increasingly evident that the 
complexities of this multibody system cannot be fully captured in a 7-wire sample. Larger, more 
complex systems have already been developed by the team. The experience gained in the 7-wire 
phase of testing has allowed us to optimize fabrication processes and fully understand the 
capabilities and limitations of neutron diffraction in engineering materials studies, especially on the 
subject of multibody contact problems. The up-scaling future models requires one major change: a 
substitution in material from ASTM A586 zinc-plated steel to 6061 alloy aluminum. This allows the 
design, fabrication, and testing of significantly larger systems at similar net load levels and 
considerably less neutron beam attenuation. The prototype of this advancement, the first 19-wire 
parallel strand was fabricated and also tested in this deployment and will be discussed hereafter
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APPENDIX E. ORNL IIB EXPERIMENT REPORT: POSITION-
RESOLVED STRAIN MEASUREMENT IN A FULLY CLAMPED 
NINETEEN-WIRE STRAND 
Abstract 
In the last three days of the ORNL II deployment, we took advantage of the extra neutron time 
offered by the VULCAN scientific team to run a second experiment, namely to upscale the bridge 
strand from 7 to 19 wires. We aimed to measure in situ stresses in a larger 19-wire aluminum 
specimen to study the contact forces of multi-layered parallel wire strands. The 19-wire system 
presents a whole new level of complexity and significantly higher potential for neutron science to 
quantify the contact mechanics between 19 independent fibers, of which 7 can only be reliably 
observed by neutron diffraction. The prime objective is to clamp the specimen and measure the full 
strain tensor in all individual wires within a single cross section under the clamp. These 
measurements will allow for the quantification of confinement forces with respect to depth of a 
multi-wire cable specimen. The delays due to the failure of the moderator and target stations in the 
ORNL SNS allowed us to develop this new sample. Although the extra neutron time allowed for 
this measurement run in the first place, its scope had to be defined very tightly so as to guarantee the 
harnessing of a well-formulated and complete measurement set on a new from a considerably more 
complex sample in such a short period of time. In the end, we successfully measured three 
independent orthogonal strain components in the central cross section of the 19-wire strand under 
the clamp, providing a complete and novel quantification of the strain tensor of a confined parallel 
wire strand.  
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Specimen Production at Carleton Laboratory 
Material Properties 
One sample was fabricated for this test. The specimen was constructed using 4.85 mm (0.191 in) 
diameter, heat treated, ASTM B221 6061 T6 extruded aluminum wire, as outlined in Table E-1 and 
Table E-2.13 The center wire, however, is composed of a different batch of 6061 aluminum, which 
has received a slightly different heat treatment. The difference in temper created a different 
dominant texture within the wire, as would become evident during the experiment.  
Table E-1: Composition of the ASTM B221 aluminum T6 temper wire used in constructing the 19-wire strand. The 
values shown are measurements reported by the supplier. 
ELEMENT: SI FE CU MN MG CR 
% BY MASS 0.4-0.8 0-0.7 0.05-0.4 0-0.15 0.8-1.2 0.4-0.8 
ELEMENT Ni Zn Ti Zr Other Al 
% BY MASS 0-0.05 0-0.25 0-0.15 0-0.25 0.15 Balance 
 
Table E-2: Selected bulk mechanical properties of the ASTM B221 aluminum T6 temper wire used in constructing the 
19-wire strand. The values shown in the first row are reported by the supplier while the values from the second row 
stem from physical tests performed 
















REPORTED 241 300 8-17 68.9 0.33 
TESTED 264 284 5.7 65.1 -- 
 
Table E-2 provides both the specifications as reported by the supplier and test data from three 
tension tests performed on-site at the Carleton Laboratory. One of the three specimen performed 
relatively poorly, providing the low mean values for the tested data. However, the tension test was 
                                                 
13 Multipurpose 6061 T6 Aluminum Rod, 5 mm diameter, pursuant to ASTM B221, McMaster-Carr NJ, Robbinsville, 
NJ. 
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performed pursuant to ASTM A370 on a testing machine certified to ASTM E4; the data is 
therefore representative of the actual performance of the wire used in this experiment. 
It is also important to consider the much poorer fatigue properties of 6061 aluminum when 
compared to ASTM A586 high strength steel, which was previously used as wire in previous 7-wire 
specimens. Care must therefore be taken to prevent overloading of the wire strand during strand 
fabrication, conditioning, or neutron measurement. 
Naming Conventions 
The intermediate six wires of the strand were centered at the vertices of a regular hexagon, with the 
outer twelve wires surrounding them in tight hexagonal packing to create a larger strand (Figure E-
1).  
 
Figure E-1: Schematic of the standard parallel nineteen wire strand used in this investigation; load is applied along the y-
direction while the incident neutron beam vector is in the –x direction. 
Due to the addition of the outer twelve wires, we deviated from the previous two-letter convention 
for wire naming. Instead, each wire was assigned a two part numeric identifier that maps to the 
strain measurement identifier signified by ݅. ݆, where ݅ signifies the layer within which the wire is 
contained and ݆ is the wire number. With the straight side of the outer hexagon parallel to the 
ground, the wire at the vertex closest to the incident neutron beam is assigned the number 1. 
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Moving in a counterclockwise fashion, each successive wire is then named in successive order. The 
color scheme used for the seven wire specimen is replicated here for ease of viewing. The complete 
list of wire names is shown in Table E-3. 
Table E-3: Current naming convention of individual wires in 19-wire strand. Four rosettes, numbered 1-4, were affixed 
to the 19-wire specimen. The R in the description of the wire refers to the rosette number. Provided also is a mapping of 






1 C  Blue Center wire in strand 
2.1 CN Green Center stack wire near incident neutron beam  
2.2 CF Red Top cord wire near incident neutron beam 
2.3 TN Black Top cord wire far from incident neutron beam 
2.4 TF Cyan Centered stack wire far from incident neutron beam 
2.5 BN Yellow Bottom cord wire far from incident neutron beam 
2.6 BF Magenta Bottom cord wire near incident neutron beam 
3.1   Outer Wire (also known as SR.1) 
3.2   Outer Wire (also known as SR.2) 
3.3   Outer Wire (also known as SR.3) 
3.4   Outer Wire (also known as SR.4) 
3.5   Outer Wire (also known as SR.5) 
3.6   Outer Wire (also known as SR.6) 
3.7   Outer Wire (also known as SR.7) 
3.8   Outer Wire (also known as SR.8) 
3.9   Outer Wire (also known as SR.9) 
3.10   Outer Wire (also known as SR.10) 
3.11   Outer Wire (also known as SR.11) 
3.12   Outer Wire (also known as SR.12) 
 
As a convention, both metric and imperial units are reported in this text, where the primary unit of 
measure will be provided first and the converted quantity will be provided in parentheses. 
Engineering Stress Convention 
For clarity, engineering stress was used for all axial loads, assuming a cross sectional area of eighteen 
wires, or 332.5 mm2 (0.515 in2). This assumption is conservative, as the actual axial stress in the wire 
is reduced when the surrounding wires transfer load to the center (cracked) wire. Since the 
investigator thinks in terms of stress rather than an arbitrary load for an arbitrary cross section of 
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steel, the use of engineering stress acts as a safety net, helping to prevent, for example unintentional 
overloading of the specimen. The conversion factor, in this case, from engineering stress to load is 
0.333݇ܰ ܯܲܽൗ   ቀ0.515 ݈ܾ ݌ݏ݅ൗ ቁ, i.e., the area of the cross section if eighteen wires in the 
appropriate units of measure. The following engineering stresses are common load steps used in this 
experiment, Table E-4. 









The cable specimen was fabricated in the machine shop of the Carleton Laboratory by laboratory 
staff (Liming Li, Associate Research Scientist, and Travis Simmons, Senior Laboratory Technician) 
and the investigators. A specimen of gross length 909 mm (35.8 in) and net length 592 mm (23.3 in) 
was developed. The Oak Ridge National Laboratory VULCAN beamline is capable of 
accommodating specimen as long as one meter. As such, the investigators designed the 19-wire 
specimen to fill ninety percent of the available specimen capacity, Figure E-2. 
The larger strand diameter demanded a larger conical potting epoxy volume, which in turn required 
a larger set of universal joints. Consequently, a set of 4 in (101.6 mm) diameter Curtis universal 
joints was procured and fabricated into a socket.14 
                                                 
14 Curtis universal joint, Model CJ655, Curtis Universal Joint Company, Springfield, MA. 
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Figure E-2: The 19-wire sample with gross and net lengths of 909 mm (35.8 in) and 592 mm (23.3 in), respectively. 
The joints were modified as follows. Firstly, the outer half of the universal joint was replaced by a 70 
mm (2.8 in) diameter and 97 mm (3.8 in) long male plug that mates with the precision collets of the 
VULCAN load frame (Figure E-3a).  
   
   (a)    (b)   
Figure E-3: (a) Half-universal joint with new pivoting plug designed to mate with the ORNL collet grips and (b) detail of 
the "cloverleaf" hole to restrain the wires in torsion. Note that the outer edges of the cloverleaf were filed down by hand 
to prevent the socket from digging into the aluminum wires and causing wire fractures in the grip. 
Secondly, to restrain the wires in torsion and to prevent failure and delamination of the socket epoxy 
plug, the hole was modified from a circle to a twelve-leaf clover shape, the outline of eighteen-5 mm 
(0.2 in) diameter circles in tight hexagonal packing surrounding a nineteenth 5 mm (0.2 in) wire at its 
core (Figure E-3b). The distributor of the aluminum wire listed this type of wire as having a 5 mm 
diameter when the wire actually has an average diameter of 4.85 mm (0.191 in). Unfortunately, the 
manufacture of the sockets had been completed by the time the aluminum wire arrived in the 
Carleton Machine Shop. With only two weeks remaining before deployment, a new set could not be 
fabricated in time. 
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Finally, the angle of the internal conical cavity was set at 9°.  This was done to maximize the volume 
of socket epoxy that could fill the socket without altering the wings of the joint that couples with the 
collet plugs. The final socket design can be seen in Figure E-4.  
 
Figure E-4: Schematic view of modified socket showing the conical bore as well as the twelve-leaf clover cutout. All 
dimensions in millimeters. 
The VULCAN MTS frame’s use of collet grips necessitated the fabrication of critically dimensioned 
collet plug adapters. Deviations in diameter by as little as 0.075 mm may result in improper contact 
between the collet grips and the plug, allowing the assembly to slip in the grips during loading. This 
type of failure could potentially cause damage to the specimen, the load frame, or worse, the 
beamline’s collimators, detectors, or incident beam parallel. The final design of the collet plugs is 
shown in Figure E-5. 
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Figure E-5: Schematic view of collet plugs fabricated to mate with the VULCAN collet grips. The VULCAN frame's use 
of collet grips required the plug to be dimensioned and fabricated to fit the critical 30 mm diameter dimension. 
Specimen Assembly and Conditioning 
The sockets were assembled with nineteen aluminum wires. The center wire was cut at 153 mm 
(6.02 in) from the end of the net section (i.e., inner limit of socket). The wires were then broomed 
out to form a specimen with a target gross length of 920 mm (36.2 in), allowing 30 mm (1.1in) of 
extension during conditioning; 882.5 mm (34.7 in) were achieved after brooming. To increase the 
mechanical interference between wire strands and the conical surface during preloading (dry-
pulling), brass screws were inserted into the socket cavity (Figure E-6). Since the wires in this 
specimen are made of aluminum rather than high-strength steel, standard mild steel screws were 
substituted with brass screws to prevent a hardness mismatch between the wire and the screws (i.e., 
the screws should always be softer than the wire).  
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Figure E-6: View down y-axis (long axis) of cable specimen showing the conical socket bore, broomed out wires, and 
screws inserted to maximize mechanical interference. The center wire is marked with green tape. 
The specimen was then placed into the Carleton Laboratory’s Instron 1500HDX Universal Testing 
Machine (UTM) and loaded at a rate of 500 lb/minute (2.2 kN/minute) from 0 lb (0 kN) to 2071 lb 
(9.2 kN), allowing the wires to settle into the sockets and evenly partition axial stresses amongst the 
wires (Figure E-7). The load was held for 5 minutes before being released. Conditioning resulted in 
the specimen elongating 30 mm (1.2 in) to the gross sample length of 909.5 mm (35.8 in). 
In contrast with circular socket holes, cloverleaf orifices fill the majority of the interstitial space that 
is present between wires when they protrude through a circular bore. Although necessary to facilitate 
torsion transfer, the cloverleaf may reduce the degree of axial mechanical interference present in the 
circular-hole samples, where wire and screws could be pulled into the tip of the cone and, in some 
cases, outside the sockets.  For other cloverleaf sockets, dry-pulling was abandoned as it did not 
significantly increase the stability of the specimen. Since the orifice was not critically dimensioned in 
this specific case, the dry-pulling procedure was employed and did provide sufficient mechanical 
interference in the socket cavity to prevent any delamination of the epoxy puck during testing. 
340 
 
Figure E-7: Specimen conditioning in Instron 1500HDX Universal Testing Machine. The broomed out wires can be 
seen sticking out of the universal joints. 
Immediately after conditioning, the two socket bores were filled with commercially available ESCO 
SocketFast potting resin and allowed to cure at ambient temperature and humidity conditions. After 
24 hours, the excess wire lengths were ground off and the specimen was readied for 
instrumentation. 
Strain Gage Instrumentation and Data Acquisition 
It became evident in previous experiments that we could gain significant efficiencies by combining 
traditional strain gage instrumentation with neutron diffraction measurements. Only with this hybrid 
approach could we profit from the advantages of both technologies. Strain gages are inexpensive, 
provide temporally resolved measurements, but cannot be used for measurements for interior wires. 
For the 19-wire specimen, the center wire as well as the intermediate wires cannot be reached with 
mechanical strain gages. As such, the seven inner wires were measured by neutron diffraction while 
the outer twelve wires were measured with both neutron diffraction and resistive strain gages. We 
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once again employed Vishay Micro-Measurements 120 Ω general purpose strain gages to instrument 
the sample. The gage matrix measures 7.40 mm (0.290 in) by 3.30 mm (0.130 in) while the active 
gage grid dimensions are 3.18 mm (0.125 in) by 1.57 mm (0.062 in). The relatively small amount of 
exposed surface for each wire required the use of these compact gauges. Due to the spatial 
constraints in specimen geometry, we instrumented the specimen with only four sets of strain gages 
in a radial arrangement of twelve gages, one per wire, as shown in Figure E-8. The convention for 
strain gage labeling is ܵ௠.௡ where ݉ ൌ wire number, ݊ ൌ strain gage y-axis location index.  
 
Figure E-8: Arrangement of clamp and four strain gage rosettes. All strain gages are oriented parallel to the y-axis. The 
crack is located 153 mm (6.02 in) from the inner edge of socket A. The specimen here is shown in two orthogonal 
orientations. 
The wire number was originally arbitrary since the final orientation of the sample would not be 
known until installation in the VULCAN load frame. To complete the setup, the strain gages were 
wired with Vishay low-impedance wire and connected to SCXI-1314 universal strain bridge terminal 
blocks, as shown in Table E-5. 
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1102C  Empty  Empty       
                                                 
      CH 0     S1.1  S1.9  S2.5  S3.1  S3.9  S4.5  CA1     Force             
      CH 1     S1.2  S1.10  S2.6  S3.2  S3.10  S4.6  CA2    
MTS 
Strain             
      CH 2     S1.3  S1.11  S2.7  S3.3  S3.11  S4.7  CA3     Torque             
      CH 3     S1.4  S1.12  S2.8  S3.4  S3.12  S4.8  CB1     Angle             
      CH 4     S1.5  S2.1  S2.9  S3.5  S4.1  S4.9  CB2    
Angle 
Offset             
      CH 5     S1.6  S2.2  S2.10  S3.6  S4.2  S4.10  CB3    
MTS 
Disp.             
      CH 6     S1.7  S2.3  S2.11  S3.7  S4.3  S4.11  ‐     ‐             
      CH 7     S1.8  S2.4  S2.12  S3.8  S4.4  S4.12  ‐     ‐             
                                                  
 
A total of 54 strain gages was conditioned by a National Instruments data acquisition system.15 
Additionally, six critical channels of Force, Strain, Torque, Angle, Angle Offset, and Displacement 
were also acquired from the D/A outputs of the VULCAN MTS FlexTest 60 controller. This setup 
allowed us to consolidate all critical measurements into one centralized data acquisition file, 
preventing the need for tedious post-processing to fuse data sets from different sources (e.g. MTS 
frame, SCXI controller, neutron data, etc.), as was performed in previous VULCAN and SMARTS 
runs.  
  
                                                 
15 NI SCXI/PXIe Data Acquisition System: National Instruments SCXI-1001 chassis using seven SCXI-1520 8-channel 
strain conditioners, which were acquired by a National Instrument PXIe-1078 chassis and PXIe-8360 conditioner card as 
the master controller.; National Instruments Corporation, Austin, TX. 
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Aluminum Wire Clamp (Al) 
Clamp Design 
The larger 19-wire sample required the design and construction of a clamp that would accommodate 
the new cross section. As with previous designs, all components of the clamp were fabricated from 
aluminum. Ferrous materials were entirely avoided to prevent unnecessary attenuation of the 
neutron beam. Due to the tight timetable for this experiment, the simplest geometry, i.e., a 
hexagonal cutout, was chosen, as shown in Figure E-9. The cutout is meant to simulate the 
mechanical function of a full-scale bridge cable band, which is essentially a circular up-down clamp 
that compresses the entire semi-circular bridge cable cross section and provides an anchor or saddle 
for one set of vertical suspenders. 
 
Figure E-9: Plan and section views of 19-wire clamp. The gap between clamp parts A and B measures 1.02 mm. All 
dimensions are in millimeters. 
The top part of the clamp was labelled as Clamp Part A and while the bottom was labelled Clamp 
Part B; the two parts are identical and reflection symmetric, so the initial numbering was arbitrary, 
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but the A clamp part was kept at the top of the sample for all experiments to standardize clamping 
positions for all trials. Six Vishay strain gages were affixed to the clamp, three gages on each clamp 
part: CA1, CA2, CA3, CB1, CB2, and CB3. Gages CA2 and CB2 were affixed to the respective top 
and bottom faces of clamp parts A and B, i.e., the extreme or outermost fiber in each half of the 
clamp. The remaining gages were affixed to the sides of the clamp, serving as backups to the primary 
gages placed at the extreme fiber positions. 
Trial 1: Low-Load Clamp Calibration 
Before the deployment to ORNL VULCAN, a preliminary clamp calibration was performed. For 
the first portion of the calibration, the bolts on the clamp were torqued along the following load 
steps and strains were recorded: 30507090100110130150160 lb-ft 
(40.667.894.9122.0135.6149.1176.3203.4216.9 Nm). This trial provides a 
relationship between torque applied to the bolts and strain measured in the clamp. 
The clamp was subsequently mounted in the Instron 5984 universal testing machine and loaded in 
compression to 3000 N (674 lb). This run serves to relate known total compression force (measured 
by the universal testing machine’s load cell) with measured strain. The loading scheme employed 
here was a replicate of low-load calibration of the 7-Wire clamp. However, this was insufficient in 
determining a full calibration but serves as a benchmark for further calibration efforts. For brevity, 




Figure E-10: (a) Calibration curves relating measured strain in the extreme-fiber strain gages with the torque applied by a 
calibrated torque wrench. (b) Calibration curves for the top and bottom extreme fiber strain gages relating measured 
strain (µε) with bulk clamping force exerted by the universal testing machine. 
Due to the insufficient strain developed in the direct compression trial, it was repeated to furnish 
results that covered the clamping force range in which the clamp would be employed. However, due 
to the tight deployment schedule and the risk of damaging the clamp by overloading just before the 
ORNL experiment, all clamp calibrations were deferred until the beamline experiments were 
completed. 
Trial 2: High-Load Calibration 
After the ORNL deployment was successfully completed, Trial 1 was repeated with the same torque 
procedure. Observing the difference between the first and second trial, the maximum strains 
obtained at 160 ft-lb is for CA1 and CB2 were 2500 and 1900 microstrain, respectively, Figure E-

































common explanation for type of behavior is that the cross section of the clamp entered the plastic 
regime, creating a plastic hinge. 
(a)  
(b)   
Figure E-11: (a) Curves that show the loading path for each individual clamp part. (b) This graph shows the clamp's 
reaction to being loaded to 40 kN. Although the load is constant, the microstrain continues to increase. This indicated a 
degree of yielding in the clamp body. 
To confirm the noted behavior, the clamp was placed inside of the Instron 5984 for the direct 
loading portion of the calibration, Figure E-11b. The investigators noted that the clamp’s strain 
increased even though the load remained at 40 kN (9.0 kips). This nonstationarity indicates clearly 
that the clamp body has entered the plastic regime where the centerline of the beam is yielding 
across the entire cross section, creating a classical plastic hinge. 
Upon removing the clamp from the Instron 5984. It became apparent that yielding had occurred in 





































inside of the Instron 5984 post loading event. Figure E-12b shows the deformed washers after 
loading. Both the clamp and the aluminum blocks had imprints of the washers on them. 
(a)   (b)  
Figure E-12: (a) The clamp parts, its washers, and aluminum blocks used for calibration. (b) Deformed washers after 
calibration attempt in Instron 5984. 
Localized deformation of the bolt hole also occurred, but this was quickly remedied with a hand file. 
The Clamp Part A and Clamp Part B were touching even though these parts did not appear to touch 
during the ORNL visit. We believe that the deformation was obviously caused by load 
concentrations between the incompatible shapes of the washers, blocks, and overload of the clamp. 
 
Figure E-13: Clamp with aluminum hex nuts rather than aluminum blocks. 
The washers were replaced while the aluminum blocks were replaced with hex nuts that match more 
closely with the aluminum bolts and nuts used during torque testing, Figure E-13. The clamp parts, 
however, were still touching. Furthermore, the Instron test was unable to match the maximum 
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microstrain measurements seen during torque testing. The decision was then made to grind down 
the clamp to increase the gap between Clamp Part A and Clamp Part B. 
Trial 3: Modified High Load Calibration 
Before Trial 3, each interior face of the clamp near the bolt hole was ground down to increase the 
gap and prevent the clamp parts from contacting one another when tight, Figure E-14. The clamp 
was then taken into the Carleton Laboratory Machine Shop where bolt torqueing was repeated. 
   
Figure E-14: (a) Overview of the clamp post-grinding. (b) Detail of the ground sections, showing the gap between the 
two clamp parts that was increased to slightly more than 3 mm at the outermost edge of the clamp. (c) View of modified 
clamp at maximum load of 47 kN; the gap, although small, remains and the two sides of the clamp do not touch. 
In addition, Loctite surface adhesive was used to temporarily bond the washers and hex nuts to the 
clamp parts to promote centering of these individual pieces under Instron loading. The resulting 
calibration curves are shown in Figure E-15. Although there is still a disparity between the two strain 
readings, the strain remains stable at the maximum load of 47 kN. The fact that the relation between 
applied compressive load – resulting in turn in bending in each half of the clamp – is not linear leads 
us to believe that the clamp is entering the plastic regime during this calibration, but it has not yet 
reached the full plastic moment. Apparently, the use of the proper bolts has shortened the span of 
the applied bending moment sufficiently to reduce to within the stable bending regime. The readings 
are therefore acceptable, but this clamp’s capacity is almost fully utilized with only a small margin of 
error. 
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(a)   
(b)   
Figure E-15: The torque data from the post-grinding clamp data. (a) Relationship between bolt torque and measured 
strain. (b) Calibration curves for the top and bottom extreme fiber strain gages relating measured strain (µε) with bulk 
clamping force exerted by the universal testing machine. 
The two physical relationships outlines in the calibration curves in Figure E-15 can then be 
combined into a master calibration curve, which related bolt torque to applied load. This 
relationship serves as a useful guide to estimating the internal forces acting on the wire cross section 


































 (a)  
(b)  
Figure E-16: The relationship between the Instron load and applied torque. (a) Data from individual clamp parts. (b) 
The approximate average torque to load calibration between clamp parts. 
The relationship between the toque and the load appears to be polynomial. The clamp calibration 
indicates that as much as 35 kN of force were exerted by the clamp onto the wire cross section 




































Specimen Installation and Calibration at VULCAN 
The 19-wire sample was the second sample mounted in the VULCAN frame during IPTS 11416.1. 
Detector alignment and frame tuning had already been performed in preparation of the first 7-wire 
torsion specimen and will be omitted here for the sake of brevity. All detector and collimation 
settings were retained from the previous run, so the instrument file from the vanadium and silicon 
scans performed before the 7-wire specimen remained valid for the second part of this experiment. 
Sample change-out occurred on the fifth day of beam time in this deployment. 
Beam Geometry Confirmation 
Although the beam size was confirmed immediately before the 7-wire run, it was reconfirmed at this 
time to fortify our confidence in both its geometry and alignment with respect to each detector 
bank. The alignment runs were performed using vertical and horizontal 1 mm diameter pin scans, 
discussed in detail in the preceding 7-wire experiment chapter. 
The East and West Banks reported a peak center at 0.610 mm and 0.614 mm (0.0240 and 0.0241 in), 
respectively. These results confirmed that the collimators were indeed aimed at the same location in 
the diffracting beam volume, within an acceptable margin of error. The beam width was 
deconvoluted from the intensity scan as well: 1.97 mm (0.078 in) and 1.8 mm (0.071 in) for East and 
West Banks, respectively.  
Additionally, a scan was conducted on the same pin mounted horizontally. It was again scanned in 
ݔ, yielding peak centers at 0.348 mm and 0.236 mm (0.014 and 0.009 in) for East and West Banks 
respectively. The measurement showed more deviation than the vertical pin, but the 0.112 mm 
(0.004 in) discrepancy was still acceptable. Since the East Bank precision stage was rotationally 
unstable in Ω (rotation in the ݕ-axis), the team considered it prudent not to invest any further time 
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in optimizing this result. Great care was taken to not disturb the collimators during the experiment 
so as to maintain the current alignment and retain high confidence in the measured data. 
Specimen Inspection and Installation 
Before installing the specimen in the VULCAN MTS torsion frame, its strain gages were inspected 
and tested. Wherever feasible, contacts were re-soldered. However, if a gage was partially or 
completely delaminated, it was considered failed and not reinstalled. The strain gages were tested 
with a standard FLUKE true-RMS multimeter, as shown in Figure E-17. This inspection was 
performed on the days preceding the installation of the specimen in the cave while the 7-wire strand 
was being measured. 
  
   (a)       (b) 
Figure E-17: (a) Overview of the 19-wire strand's strain gages being inspected with a FLUKE true-RMS multimeter. (b) 
Detailed view of strain gage rosettes #2 and #3, showing the strain gages, copper wire leads attached at the solder tabs, 
the low-impedance twisted red/white/black strain gage wires, and the black electrical tape serving as a strain relief to the 
wire leads on the gages. 
The specimen was subsequently installed in the collet grips of the VULCAN MTS torsion frame 
inside the cave. It was oriented at a 45° angle in ݖ to the incident neutron beam since it was 
mounted in the load frame whose load path is set to this orientation to enable optimal diffraction 
paths and orientation to the longitudinal (Bank 1) and transverse (Bank 2) lattice planes. An 














   (a)       (b) 
Figure E-18: (a) Schematic overview of the experimental geometry at VULCAN. Only the central plane which contains 
the incident beam and the x, y axes of the sample is shown. (b) View of specimen mounted in collet grips, oriented in 
the positive x-axis. 
Once installed in the VULCAN frame, the clamp was attached to the strand and hand-tightened, 
most importantly to force the aluminum wires into tight hexagonal packing. After initial trials, the 
clamp was installed such that it was oriented horizontally when the matrix angle of the load frame 
was set to -90° and vertically when the matrix angle was set to +90°. It is important to reiterate here 
that the matrix angle is not a physical angle but rather the sum of the two angle encoder 
measurements in crossheads #1 and #2 of the MTS load frame. A matrix angle command of 2° 
therefore equals 1° of actual rotation. Therefore, a matrix angle command of 180° (±90°) as noted 
here results in an actual rotation of just 90°. A schematic view of the setup in ±90° offset angle is 
shown in Figure E-19. The sample was mounted in the load frame collet grips and subsequently 
leveled at its center of rotation, as shown in Figure E-20. After the sample was leveled at its center-
point, the load frame was used to parallelize the entire strand, i.e., rotate it using Matrix Angle until 
the entire strand was untwisted. A matrix angle of -16° was required to untwist the strand, resulting 
in a 16.65 Nm (12.28 lb-ft) torque. However, there are four hoses attached to each collet grip, two 
coolant hoses that feed the thermal break and two 10,000 psi (68.9 MPa) hoses that feed the 
hydraulic gripping assembly. 
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Figure E-19: Schematic view of specimen in both -90° and +90° offset angle orientations. The elevation view is in the y-
z plane, at the approximate origin of the x-axis. The cross sections, shown to the right of each elevation are taken in the 
x-z plane at y=0 mm, 
 
Figure E-20: The specimen here is mounted in the load frame and rotated to an angle offset of -90°. The neutral axis 
(i.e., center in y of the wire specimen) was leveled using a precision machinists’ level. The strand exhibited 16° of twist; 
this twist was removed by commanding the MTS frame to rotate -16° matrix angle command.  
These hoses are offset at right angles to each other and they are bent and dragged across the load 
frame reaction posts in various configurations, depending on the matrix and offset angle commands. 
It has been observed that these hoses alone can easily exert a torsion of 10 Nm (7.38 lb-ft) on the 
load cell, making the reading of 16.65 Nm (12.28 lb-ft) dubious, at best. It can merely be said that 
the untwisting of the system exerted negligible torsion on the system. The system was then 
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preloaded to 20 MPa (1.45 ksi) engineering stress, i.e., 6.65 kN of tensile force. In order to protect 
the sample from unintentional overload, an upper limit of force was set at 120 MPa (39.9 kN). This 
load is approximately half of the yield stress of the sample material, 241 MPa (80.1 kN), and 
therefore within a comfortable margin of safety. Since measurement of a strand of this size and 
material had never been attempted, 28 AWG (American Wire Gauge) tin-plated copper wires were 
inserted in the interstices between the outer layer of wires and the clamp (Figure E-21) to aid in 
alignment of the beam.  
 
Figure E-21: Detailed view of interface between wire strand and clamp. The ends of the 28 gauge copper wire can be 
seen protruding from the clamp. 
As both the wires and the clamp are made of 6061 alloy aluminum, the unique diffraction peaks of 
the copper wire would serve as a marker to locate the interface between the strand and the clamp.  
Neutron Strain Measurement and Error Quantification 
For the duration of the experiment, neutron detector Bank 1 (also known as the West Bank) 
resolved axial strain and neutron detector Bank 2 (also known as the East Bank) resolved transverse 
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strain. We used the time-of-flight neutron scattering data to create a spectrum, counting neutrons 
versus atomic plane spacing (Å). The peaks in this spectrum denote the atomic plane spacings, dhkl, 
of particular sets of lattice planes, where h, k, and l denote the Miller indices of the diffracting set. 
Elastic strains naturally cause these spacings to change, shifting the peaks of the spectrum. In the 
case of these measurements, we use the combination of all measured dhkl to calculate a, the lattice 
parameter of the material. Using Rietveld refinement via the Los Alamos GSAS program, we 
calculate the lattice parameters of the Aluminum 6061 alloy bridge wires in both the axial (ay) and 
transverse (ax) directions. The axial strains can then be computed using the simple equation:  
ߝ௜௜ ൌ ܽ௜ െ ܽ଴ܽ଴  
where ݅ ൌ ݔ, ݕ, ݖ and ܽ଴ is the unstressed lattice parameter. In our case, ܽ଴ will be set at the 
standardized preload of 20 MPa (1.45 ksi) engineering stress. However, since all strain calculations 
are relative, this is permissible as long as said ܽ଴ convention is applied consistently throughout the 
experiment. 
Generally, when performing GSAS refinement, one attains a lattice parameter, ܽ, and fitting error, 
ߜܽ, where the fitting error is considered the absolute error of the measurement. However, when 
calculating a strain, be it thermal or mechanical, two lattice parameter measurements are required to 
generate the strain, requiring that each fitting error be quantified using statistical propagation of 
uncertainty. Measurement error of neutron strains, ߜߝ௜ , therefore adequately quantifies the 
experimental error in the neutron strain measurement: 
ߜߝ௜ ൌ ටሺ డఌడ௔భሻଶߜܽଵଶ ൅ ሺ
డఌ
డ௔మሻଶߜܽଶଶ 




where ߜܽଵ	 is the peak fitting error of ܽଵ and ߜܽଶ is the peak fitting error of ܽଶ. All error bars 
reported in this experiment are based on this relation. By propagating the errors of all independent 
strain readings, we have increased the error of each measurement by roughly √2, assuming similar 
errors for the independent lattice parameter readings; however, this error has physical significance! 
The use of the lattice parameter fit error, ߜܽ, is not conservative and will not be used hereafter.  
Beam Volume Alignment 
After every major specimen configuration change – addition or removal of clamp, change in clamp 
tightness, change in tension, etc. – we performed ݔ-axis position scans at both offset angles -90° and 
+90° to ensure that the beam volume was centered on the target wires. This operation is critical to 
ensure high-confidence data. The initial scan was performed immediately outside the clamp’s Al 
volume on both sides of the clamp to (1) ensure that initial alignment was performed without 
confusing the clamp’s Al signal with that of the wire; (2) quantify degree of parallelity of sample with 
respect to ݕ-axis; and (3) quantify attenuation caused by clamp volume (i.e., measuring in front and 
behind the clamp allows us to measure intensity attenuation caused by the clamp volume when 
considering only Bank 1). 
All integrated position scans were performed with 15,000 beam monitor #2 (bm2) counts for each 
scan point. Therefore, a standard position scan required about half a million beam monitor counts 
for completion. As a convention, only Detector Bank 1 (west Bank) was used in the intensity scans 
since neutron attenuation in this bank is constant with respect to ݔ. The path length of a neutron is 
equally long for all ݔ positions for Bank 1. This is not the case for Bank 2, where the incident and 
neutron beam path is a function of the “embedment” of the beam volume from the edge of the 
sample facing the incident neutron beam (൅ݔ edge of the sample). Neutrons traveling to the “far” 
edge of the sample are therefore more likely to be attenuated as they travel a further distance before 
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and after diffracting. This in turn creates a highly biased peak morphology, where the integrated 
intensity will be considerably higher for positions closer to the ൅ݔ edge of the sample. Diffracting 
neutrons measured by Bank 1, however, travel through the same amount of bulk, independent of ݔ 
position of the beam volume. 
The beam parallel is a movable arm carrying the incident neutron beam. It is outfitted with precision 
roller bearings, allowing the user to position any specific distance away from the ݕ-axis or centerline 
of the machine (Figure E-22). Extreme care must be taken to prevent a collision between beam 
parallel and the sample, table, or the testing machine, as those are mounted on an independent 
translation/rotation stage. 
 
Figure E-22: Beam parallel located at 150 mm (5.91 in) offset from the y-axis. This absolute minimum distance from the 
clamp was used to ensure that the beam dimensions of 2 mm by 2 mm were conserved. This viewpoint underlines how 
close the beam parallel was to the clamp. The two flat, dark gray square gadolinium plates seen at the end of the beam 
parallel are the vertical apertures. The horizontal apertures can be seen just behind these gadolinium plates. 
The beam parallel is outfitted with precision vertical and horizontal apertures fabricated from 
gadolinium. Both apertures can be controlled independently, so as to create a beam of independent 
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width and height. The beam parallel’s position is very important in ensuring that the appropriate 
beam size hits the target volume. Since the VULCAN diffractomer lacks incident beam collimation, 
there is significant divergence in the beam after passing the incident slit, especially in the ݖ-direction. 
Studies are currently being performed by the VULCAN beamline scientific team to image the 
incident beam and subsequently quantify its divergence for various aperture configurations. Future 
upgrades may include incident beam collimation, which would effectively negate this issue. In this 
experiment, the beam parallel was located at 150 mm off the centerline of the y-axis, unless 
otherwise noted. This position was the absolute minimum distance for which the parallel would 
clear the sample, especially the clamp in its various rotational configurations. The lack of a 
simulation mode in the scripting of the VULCAN frame make it once again extremely important 
that the user position the parallel such that it clear all parts of the sample in all configurations used in 
the experiment. As there are no force transducers or other safety switches on the beam parallel, an 
erroneous aperture or stage position could potentially result in the severe damage of the beam 
parallel and/or the sample. 
-90° Offset Angle Wire Alignment 
The primary and also optimal orientation for sample-beam alignment is the -90° offset angle 
orientation. In this orientation, as shown in Figure E-23, an ݔ-axis scan can be oriented in ݖ such 
that it traverses the centerline of a layer of wires. This is opportune in achieving a balanced, well-
resolved integrated intensity scan. Even though the wire appears tightly packed, we cannot risk 
assuming that the wires inside the system were arranged ideally. Therefore, all five wire layers were 
scanned in the  ݔ direction.  
Table E-7 provides an overview of the z coordinates that resulted from visual targeting using the 
calibrated VULCAN camera.  
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Table E-7: Vertical z-axis positions of the wire strand in the -90° offset angle orientation as identified by the calibrated 
camera. The measurements show a high degree of conformance, which is a sign that both the camera is precise and the 













Top 3.3 -96.5 -96.5 -96.5 0.0 
Top-
Middle 
3.2 -92.3 -92.8 -92.6 0.5 
Middle 3.1 -88.1 -88.6 -88.4 0.5 
Bottom-
Middle 
3.12 -83.9 -83.9 -83.9 0.0 
Bottom 3.11 -79.7 -79.3 -79.5 0.4 
 
It is apparent from these visual coordinates that the strand is dimensionally stable and essentially 
parallel to the y-axis of the user coordinate system. 
 
Figure E-23: Graphical depiction of intensity scans at -90° offset angle performed after each specimen configuration 
change (i.e., change in clamp bolt torque, load, etc.). The semi-transparent orange stripes represent the scanning path of 
the 2 mm by 2 mm neutron beam. All dimensions in millimeters. 
Two identical sets of scans were performed, one to the “left” and one to the “right” of the clamp, as 
seen by the calibrated cameras of the VULCAN cave, Figure E-24. The position to the “left” of the 
clamp was chosen to at ݕ ൌ െ124	݉݉, 10 mm to the left of the clamp edge, i.e., adjacent to the 
clamp but sufficiently far away from it such that no portion of the 2 mm wide measurement volume 







high background signal since the beam would have departed the Al wires but would remain partially 
embedded in the clamp’s bulk volume. 
 
Figure E-24:Screenshot of calibrated VULCAN camera to the left of the Al clamp (y=-124mm). The green crosshairs 
are in the y-z plane. 
Subsequently, the position to the “right” of the clamp was chosen at ݕ ൌ െ66.5	݉݉. 
Left of Clamp X-Position Scans 
Middle Layer Scan 
The initial scan was performed on the widest band of wires. The beam was oriented visually using 
the VULCAN frame cameras at ݕ ൌ െ124	݉݉ and ݖ ൌ െ88.1	݉݉. These coordinates are not 
critical to the discussion since they represent absolute stage positions. However, considering the 
number of scans required to achieve a full understanding of the internal geometry of this system, 
they will be provided in this section to orient the reader. Since the calibrated camera faces the 
sample from the same direction as the incident neutron beam, the intensity scan’s position can also 
be defined by the outer wire which the incident beam first hits. In this case, the neutron beam first 
hits wire #3.1. 
Since alignment of a discrete fiber composite system of this size had not been attempted before this 
experiment, a wire with a different dominant texture was inserted as the center wire. It was 
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discovered that the two batches of wires procured from a vendor had different dominant diffracting 
peaks. The bulk wire used for all but the center wire is strongly textured in the [200] orientation in 
the longitudinal direction while the center wire exhibits dominant [311] texture. It is important to 
note, though, that both batches adhere to ASTM B221 and satisfy the general specifications of Al 
6061 alloy with a T6 temper. The position scan was performed in at ݔ ∈ ሾെ15	݉݉, 1	݉݉, 15	݉݉ሿ 
where, by convention, ݔ ∈ ሾܽ, ܾ, ܿሿ  a=scan lower limit, b=scan step size, and c=scan upper limit.  
Figure E-25a shows the integrated intensity of the [200] peak, where the Region of Interest (ROI) of 
the numerical integrator was set to ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧. Conversely, Figure E-25b shows the 
integrated intensity of the [311] peak, where ܴܱܫ ∈ ൣ1.970	Å, 2.070	Å൧. The integrated intensity 
peaks represent the convolution of the beam volume with the diffracting volume, which in this case 
is the 6061 alloy aluminum wire. Assuming Gaussian peak shape, the center of each intensity peak 
can be easily fitted, providing a centroid position, ̅ݔ, for each wire. The center wire is effectively 
absent in the first intensity scan while it is clearly visible in the latter. 
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 (a)  
 (b)     
Figure E-25: Integrated intensity vs. x-position for the middle layer of the strand, scanning in ݔ ∈
ሾെ15	݉݉, 1	݉݉, 15	݉݉ሿ  for (a) the [200] peak and (b) [311] peak. It is clearly evident that the center wire has a 
different texture, although it does not differ in bulk material properties. This texture disparity here is used merely as a 
cross section centroid marker of the bundle to provide confidence in beam volume alignment. Offset angle for this scan 
is -90°. 
Furthermore, calculating the full width at half maximum (FWHM), the width of each convoluted 
signal can be calculated. The FWHM should be equivalent to the actual width of the wires, which is 
approximately 4.8 mm (0.19 in). This measurement serves as a convenient error check during the 
alignment process. The full diffraction spectrum for the two types of wires is shown in Figure E-26. 
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Figure E-26: Aluminum BCC diffraction pattern showing dominant [311] texture in the center wire at the top (blue) and 
dominant [200] texture in the bulk wires. 
Subsequently, the other four wire layers were also scanned in ݔ.  
Top-Middle Layer Scan 
A similar scan was repeated for the Top-Middle layer, centered visually at ݖ ൌ െ92.3	݉݉, or facing 
wire #3.2. The scan was performed with an ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧ only since all but the center 
wire dominantly diffract in the [200] orientation. The scan was set to ݔ ∈




Figure E-27: Integrated intensity vs. x-position for the top-middle layer of the strand, scanning in x∈[-15 mm,1 mm,15 
mm] for the [200] peak. Offset angle for this scan is -90°. 
Four peaks are relatively apparent in the intensity plot, although the peaks for the outer two wires 
are clearer than their neighbors inside the cross section. 
Top Layer Scan 
The next scan was performed for the Top layer, centered visually at ݖ ൌ െ96.5.݉݉, facing wire 
#3.3. The scan was performed with an ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧. The scan was set to ݔ ∈
ሾെ12	݉݉, 1	݉݉, 12	݉݉ሿ, Figure E-28. 
 
Figure E-28: Integrated intensity vs. x-position for the top layer of the strand, scanning in ݔ ∈
ሾെ12	݉݉, 1	݉݉, 12	݉݉ሿ for the [200] peak. Offset angle for this scan is -90°. 
Three peaks are visible in the integrated intensity scan, providing high-confidence x coordinates for 
the wires in question. 
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Bottom Layer Scan 
The bottom layer was centered visually at ݖ ൌ െ79.7.݉݉, facing wire #3.11. The scan was 
performed with an ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧ at ݔ ∈ ሾെ12	݉݉, 1	݉݉, 12	݉݉ሿ, Figure E-29. 
 
Figure E-29: Integrated intensity vs. x-position for the bottom layer of the strand, scanning in ݔ ∈
ሾെ15	݉݉, 1	݉݉, 15	݉݉ሿ for the [200] peak. Offset angle for this scan is -90°. 
Again, three peaks were clearly visible in the scan, providing the necessary data for the final wire 
coordinate quantification. 
Bottom-Middle Layer Scan 
The final scan for this series is the bottom-middle layer, centered visually at ݖ ൌ െ83.9	݉݉, or 
facing wire #3.12. The scan was performed with an ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧ at ݔ ∈
ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ, Figure E-30. 
367 
 
Figure E-30: Integrated intensity vs. x-position for the bottom-middle layer of the strand, scanning in ݔ ∈
ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ for the [200] peak. Offset angle for this scan is -90°. 
This position scan provided four distinct peaks, as predicted. 
Right of Clamp X-Position Scans 
Identical position scans were then conducted at a position 10 mm (0.4 in) away from the right edge 
of the clamp at ݕ ൌ െ66.5	݉݉. The integrated intensity position scan plots are presented in in a 
compendium, Figure E-31. All scans were performed at the same ROI, beam counts, and table 
translation limits and resolutions in x. The only notable difference between the two scan set is, of 




Figure E-31: Synoptic overview of integrated intensity vs. x-position scans performed at right side of clamp. The arrows 
indicate the y-position for each scan. All scans are performed with an ROI focused on the [200] orientation, except for 




The maximum deviation in ݖ position of 0.5 mm is well within the acceptance bounds for this 
experiment. The consolidated results of the x-positions, calculated by finding the peak centers on 
the intensity scans by assuming a Gaussian peak shape, are presented in Table E-8. 
Table E-8: Consolidated x-axis center positions measured by integrated intensity scans using neutrons for the 19 wires in 

















b/w Left & 
Right Meas. 
(mm) 
1 0.0 0.0 0.0 0.0 
2.1 5.0 5.0 5.0 0.0 
2.2 2.5 3.0 2.8 0.5 
2.3 -2.5 -2.0 -2.3 0.5 
2.4 -5.0 -4.8 -4.9 0.2 
2.5 -2.0 -2.0 -2.0 0.0 
2.6 2.8 3.0 2.9 0.2 
3.1 9.8 10.2 10.0 0.4 
3.2 7.5 8.0 7.8 0.5 
3.3 5.7 5.0 5.4 0.7 
3.4 0.6 0.0 0.3 0.6 
3.5 -4.7 -5.0 -4.9 0.3 
3.6 -7.0 -6.8 -6.9 0.2 
3.7 -10.0 -9.6 -9.8 0.4 
3.8 -6.8 -6.8 -6.8 0.0 
3.9 -4.8 -5.0 -4.9 0.2 
3.10 0.0 0.5 0.3 0.5 
3.11 4.8 5.5 5.2 0.7 
3.12 7.6 7.8 7.7 0.2 
 
Center of Clamp X-Position Scan 
We decided to abbreviate future position scans by performing visual targeting in ݖ both to the left 
and right of the clamp and then target the wire volume at the center of the clamp simply by 
averaging the two edge coordinates. The only issue to tackle would be possible corruption of edge 
measurements by the clamp’s diffracting intensity. We performed an exploratory ݔ-position scan at 
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the center of the clamp at ݕ ൌ െ95.25	݉݉ and ݖ ൌ െ88.35	݉݉, the average of the two 
previously evaluated z positions for the middle layer (Figure E-32). 
  
   (a)       (b) 
Figure E-32: Integrated intensity vs. x-position for the middle layer of the strand through the centerline of the clamp for 
(a) the [200] lattice plane performed in ݔ ∈ ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ and (b) for the [311] lattice plane in ݔ ∈
ሾെ8	݉݉, 1	݉݉, 8	݉݉ሿ. The scans were performed at offset angle -90°. 
Fortunately, the dominant textures between the wires and the clamp did not overlap, most likely due 
to the different extrusion orientations of the clamp (ݔ െ ݖ plane, depending on angle offset) and the 
wire (parallel to ݕ-axis) bulk material. These extrusion directions are orthogonal to each other. Upon 
inspection, the center clamp x-position scan coincides very nicely with the previous mean ݔ-position 
results, as shown in Table E-9. 
Table E-9: Comparison of x-position for the middle layer of the strand between the calculated position using the average 















The measured and calculated mean coordinates are essentially identical, confirming that either direct 
measurement at the center of the clamp or indirect measurement at the clamp edges provide 
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similarly precise ݔ positions. No further exploratory scans were conducted in the center of the 
clamp for the െ90° offset run due to our high confidence in the original clamp edge runs.  
+90° Offset Angle Wire Alignment  
After the completion of the -90° ݔ-axis intensity scans, the sample was rotated to +90° offset angle 
(a real rotation of 90°). It is important to note here that the user coordinate system does not shift 
with the rotation of the sample. The coordinate system, as used by the investigators, is fixed to the 
precision stage. Since the sample is being rotated by the testing machine, the coordinate system 
remains invariant to this rotation. Unfortunately, due to the inherent tight hexagonal packing of the 
wires, straight lines of wires occur every 60° rather than 90°. The geometry of the sample at +90° 
offset angle is not identical to that of the -90° offset angle scan. Since the ultimate goal of this 
experiment is the measurement of orthogonal strain components, this complication is unavoidable. 
Three scans were performed on this geometry, as shown in Figure E-33, the middle layer facing wire 
#3.10, the top-middle layer facing wire #3.11, and the bottom-middle layer facing wire #3.9. The ݖ-
axis positions were once again eyeballed using the calibrated VULCAN stage cameras. 
 
Figure E-33: Graphical depiction of intensity scans at +90° offset angle, performed after each specimen configuration 
change (i.e., change in clamp bolt torque, load, etc.). The semi-transparent orange stripes represent the scanning path of 






Since the intensities of the dominant [200] orientation are very weak in the clamp material, the +90° 
offset angle scans were performed at the visual center of the clamp with respect to the ݕ-axis, at ݕ ൌ
െ95.25	݉݉. However, since the beam path traverses a more complex array of wires, the resulting 
intensity scans require a bit more interpretation. When considering the middle layer scan, the beam 
volume first completely enters wire #3.4, maximizing diffracted intensity. It then departs wire #3.4, 
enters an interstice, and then grazes both wires #2.2 and #2.3, creating a broader and generally 
lower peak. The beam volume again traverses an interstice and fully enters the center wire, and so 
on. This beam path creates a profile of three major peaks interjected by two less sharp minor peaks. 
Note that the three layer scans are geometrically identical since the flat face of the hexagonal strand 
is facing the incident beam. This diffraction intensity pattern, including three half-rows of wires, 
actually turns out to be quite useful in alignment. The grazed wires, #2.2 for example, are scanned 
by both the middle layer scan and the top-middle layer scan. This redundancy in data serves as a 
welcome error-check. Therefore, all wires except for the top-most and bottom-most wires can be 
aligned by these scans. Wires #3.1 and #3.7 are the only ones that are not captured by these 
alignment scans. However, the results garnered from the other three layers showed that the wires 
were extremely well-aligned with respect to rotation about the ݕ-axis. This was confirmed by 
physical measurement of the vertical faces of the strand with a precision machinist’s level. Wires 
#3.1 and #3.7 were therefore targeted visually to capture their ݖ-positions and the ݔ-position of 
their respective neighbor (#2.1 and #2.4) was transcribed.  
Middle Layer Scan X-Position Scan 
Commensurate with previous procedures, the middle layer was scanned as the baseline run. The 
beam volume was focused visually using the cameras at ݖ ൌ െ86.2݉݉ facing wire #3.10. The 
center layer contains the one anomaly which again requires two scans: the center wire (wire #1) is 
not visible in the [200] intensity scan since its diffracting volume is dominantly in the [311] 
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orientation. The position scan was therefore performed at ݔ ∈ ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ with 
ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧ for the [200] orientation, as shown in Figure E-25a. The scan was then 
repeated in the central region at ݔ ∈ ሾെ8	݉݉, 1	݉݉, 8	݉݉ሿ with ܴܱܫ ∈ ൣ1.970	Å, 2.070	Å൧ for 
the [311] lattice plane’s integrated intensity of diffraction, Figure E-34. The center wire is effectively 
absent in the [200] intensity scan while it is clearly evident in the [311] scan.  
(a)  
(b)  
Figure E-34: Integrated intensity vs. x-position for the middle layer of the strand, (a) scanning in ݔ ∈
ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ  for the [200] peak and (b) scanning in ሾെ9	݉݉, 1	݉݉, 8	݉݉ሿ [311] peak. It is clearly 
evident that the center wire has a different texture, although it does not differ in bulk material properties. This texture 
disparity here is used merely as a cross section centroid marker of the bundle to provide confidence in beam volume 
alignment. Offset angle for this scan is +90°. 
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Unfortunately, the beam parallel was still in the retracted position of 300 mm (11.8 in) from the ݕ-
axis for both of these scans. Since there was sufficient intensity and position resolution and the 
scans showed no anomalies, they were not repeated. 
Top-Middle Layer X-Position Scan 
A similar scan was repeated for the Top-Middle layer, centered visually at ݖ ൌ െ91.0	݉݉, or facing 
wire #3.11. The scan was performed with an ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧ only since all but the center 
wire dominantly diffract in the [200] orientation. The scan was set to ݔ ∈
ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ, Figure E-35. 
 
Figure E-35: Integrated intensity vs. x-position for the top-middle layer of the strand, scanning in ݔ ∈
ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ for the [200] peak. Offset angle for this scan is -90°. 
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Bottom-Middle Layer X-Position Scan 
The final scan for this series is the bottom-middle layer, centered visually at ݖ ൌ െ81.6	݉݉, or 
facing wire #3.9. The scan was performed with an ܴܱܫ ∈ ൣ1.190	Å, 1.260	Å൧ only since all but the 
center wire dominantly diffract in the [200] orientation. The scan was set to ݔ ∈
ሾെ15	݉݉, 1	݉݉, 15	݉݉ሿ, Figure E-36. 
 
Figure E-36: Integrated intensity vs. x-position for the bottom-middle layer of the strand, scanning in ݔ ∈
ሾെ13	݉݉, 1	݉݉, 13	݉݉ሿ for the [200] peak. Offset angle for this scan is +90°. 
This scan concludes the general alignment procedure before each system configuration change, 
which includes a change in clamp tightness (bolt torque), tensile load, or offset angle.  
Clamp Center Gap Alignment 
In order to confirm that the clamp was indeed vertical and therefore parallel to the ݕ െ ݖ plane of 
the user coordinate system, we performed a final set of alignment scans on the clamp itself. We 
chose the four corners of the clamp and counted neutron intensity across the gap of the clamp. The 
scans were performed at the following locations ሺሾݔ௠௜௡, ݔ௜௡௖, ݔ௠௔௫ሿ, ݕ, ݖሻ: top left at 
ሺሾെ5, 0.5, 5ሿ, െ109.5,െ133ሻ	݉݉, top right at ሺሾെ5, 0.5, 5ሿ, െ81.5,െ133ሻ	݉݉, bottom right at 
ሺሾെ5, 0.5, 5ሿ, െ109.5,െ42.5ሻ	݉݉, and bottom left at ሺሾെ5, 0.5, 5ሿ, െ81.5, െ42.5ሻ	݉݉. The 
integrated intensity plots for all four corners of the clamp are shown in Figure E-37. 
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   (a)       (b) 
   
   (c)       (d) 
Figure E-37: Integrated intensity vs. x-position for the four corners of the clamp: (a) top left, (b) top right, (c), bottom 
left, and (d) bottom right. The drop in integrated intensity in the scan indicates that the beam volume is inside the gap 
between the top and bottom sections of the clamp. 
The resulting clamp gap center-points for these four scans were extremely close: -0.5 mm, -0.75 mm, 
0 mm, and -0.5 mm. The mean and standard deviation of these measurements are -0.4 mm and 0.27 
mm, respectively. Considering that these position scans were performed with a spatial precision of 
0.5 mm, this measurement’s deviation is at or below the measurement precision of the scan. When 
considering the average offset in ݔ between the top and bottom edges, we find that this is 0.5 mm 
over a length of 90.5 mm in ݖ (distance between measurement points normal to the long axis of the 
sample); by simple trigonometry, this barely measurable off-plumbness equals 0.3°. In conclusion, 
the system is extremely well-aligned, both parallel to the ݕ-axis (long axis of the system) and also in 
rotation with respect to said axis, and, if properly performed, the standard alignment scans here 
discussed will accurately target each specific wire. 
Considering the efficacy of the center marker wire and the distinction of texture between the clamp 
and the wires, the focused [200] and [311] Al peaks were sufficient to localize each wire position. 
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The Cu wires inserted in the interstices between the outer wire layer and the clamp were not needed 
to identify the interface between the wire and the clamp and were therefore removed from the 
clamp. All future alignment runs were performed using the procedure herein outlined. This section 
serves as an example of the exhaustive work performed before each measurement run. Hereafter, 
details of alignment runs will not be presented, unless they are relevant to the discussion. 
Results 
Case #1: 20 MPa (2.90 ksi) Tension, Clamp Hand Tight 
The initial configuration of the system was with the sample in 20 MPa (2.90 ksi) engineering stress 
tension, the preload required to make the system dimensionally stable. This configuration served as 
the baseline for all relative strain readings recorded hereafter. Consequently, an absolute stress 
increase to 100 MPa (14.5 ksi) should be considered as a ∆ߪ of 80 MPa (11.6 ksi); all measured 
neutron strains will, therefore, reflect only the relative stress change. All measurements in all cases 
were performed in the ݔ െ ݖ plane at the centerline of the clamp and are therefore representative of 
the strain and stress states present under the clamp. 
 
Configuration-Dependent Position Check 
Vertical (ݖ) and longitudinal (ݕ) alignment was performed using the calibrated camera’s crosshairs 
facing the incident neutron beam volume center. The positions of the wires are shown in the user 
coordinate system for the two offset angle rotations, since this represents the actual orientation of 
the strand as it interacts with the neutron beam. The incident beam travels in െݔ in the user 
coordinate system. The array of position scans described in detail in the previous section resulted in 
the following wire positions, as illustrated graphically in Figure E-38. 
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(a)  (b)  
       
Figure E-38: Graphical representation of wire positions for (a) angle offset -90° and (b) angle offset +90°. The green 
wires are a row in which an error resulted in an offset position. This error was identified during the experiment and 
corrective action was taken to prevent data corruption due to incorrect beam volume alignment in the sample volume. 
In the offset angle -90° configuration, Bank 1 measured the longitudinal strain, ߝ௬௬, and Bank 2 
measured one of the two independent orthonormal transverse strains, ߝ௫௫. Once the strand was 
rotated, Bank 1 measured longitudinal strain, ߝ௬௬, redundantly and Bank 2 measured the second 
orthonormal transverse strain, ߝ௭௭.  The non-stationarity of each measured wire between these two 
configurations is quite confusing, so all future data is reported with the strand oriented in the -90° 
orientation and strains are identified in the user coordinate system. This measurement approach 
therefore provides us with four scalar components of strain. Both transverse strains (ߝ௫௫ and ߝ௭௭) 
are measured once while the longitudinal strain is measured twice. This redundancy serves as an 
error check to ensure that the two independent transverse strain readings were taken at coincident 
positions. If the location of the beam volume is on target for both readings, then the redundant 
longitudinal strain readings should be equivalent within measurement error. 
Base Lattice Parameter Set Correction 
It became evident after the first scan that a calculation error was made for the ݔ positions of four 
+90° angle offset readings. A simple subtraction error caused the programmed positions to be offset 
by +2 mm during the Case #1 scan. This error became apparent only after the initial baseline lattice 
parameter measurement was completed for all of the wires and the load was increased to 100 MPa 
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(14.5 ksi) for alignment and neutron strain measurements for Case #2. Unfortunately, due to the 
significant path-dependence (i.e., nonlinear and non-stationary nature of the strain evolution in the 
various wires) of the lattice parameters in the individual wires and the tight timeline of the 
experiment, we were unable to fully reset the system and rerun the entire measurement set. The 
lattice parameter distribution for the independent wires is shown in Figure E-39. 
 
   (a)       (b) 
Figure E-39: Reference lattice parameter distribution for (a) angle offset -90° and (b) angle offset +90°. The lattice 
parameters of the four wires which were misaligned in the +90° scan are surrounded by a circle and square for Banks 1 
and 2, respectively. The arrows show the shift in the lattice parameter due to misalignment of the beam volume. The 
error bars represent the GSAS peak fitting error. 
For the case of the misaligned wires – #2.5, #2.6, #3.8, and #3.12 – it was necessary to correct their 
base lattice parameters to achieve an unbiased strain baseline for future measurements. All wires 
were measured in both the +90° and -90° orientations. Fortunately, the initial lattice parameter 
measurements in Bank 1 – i.e., the longitudinal strain, ߝ௬௬ – contain two redundant measurements. 
Even though the sample is rotated between these two measurements, the measured neutron strain is 
identical from a mechanics perspective. For the case of the four bad coordinates, the neutron beam 
was in fact not inside the target wire but rather grazing three wires and an interstice, and the 
measurement should therefore be discarded, as it is not a measurement of the target volume but 
rather an amalgam of three different wires with significant edge effects. The Bank 1 lattice 
parameters are highly correlated between the two measurements, with the exception of the 
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measurements with erroneous ݔ coordinates, as shown by the arrows in Figure E-39b. 
Consequently, for Bank 1, the lattice parameters pertaining to the misaligned wires in the +90° angle 
offset scan were overwritten by their equivalent sister measurement from the -90° scan. 
For Bank 2, no redundant data exists since the two neutron strain measurements made at -90° and 
+90° are measurements of different, in fact orthogonal, strain components ߝ௫௫ and ߝ௭௭, respectively. 
However, since the system was under no transverse load during this measurement, and the measured 
lattice parameters for the correctly measured wires again correlate very strongly, we also substituted 
the corrupted lattice parameters in the +90° measurement with those of the -90° run. Unlike the 
longitudinal correction, the transverse correction is based on a weak assumption. However, the tight 
timeline in this experiment allowed no repeat measurements, as this would have resulted in the 
investment of two days of neutron time and the ultimate loss of the remaining scope. 
In order to prevent such errors from recurring in future alignment runs, a quick-check excel applet 
was created to validate and troubleshoot all final alignment coordinate sets before they were 
programmed into the automated neutron strain measurement scripts. This tool served a very 
important purpose, especially considering the long and irregular hours required on an engineering 
materials neutron beamline, which invariably causes user fatigue increases the team’s susceptibility to 
making errors. This corrected set of readings serves as the baseline for all future measurements, 
unless otherwise noted. 
Baseline Bolt Scan 
Since the clamp calibration was incomplete at the time of the experiment, we decided to perform 
direct measurements of the bolt’s tension. The bolts were scanned at the beginning of each 
configuration change. The sample was oriented in the +90° offset angle orientation, where the 
lateral lattice strain aligns with the long axis of the bolt. This measurement is performed on two 
major assumptions: (1) orthogonal geometry, (2) nominal bolt cross section, (3) negligible stress 
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concentrations due to geometric irregularities such as bolt thread, and (4) elastic mechanical regime. 
The orthogonal geometry of the bolt and clamp is well-satisfied when considering the measured 
angle offset of the clamp of merely 0.3° off the vertical. The use of nominal cross section of the bolt 
to calculate stress is an accepted practice in the civil engineering field and is therefore justified. Great 
care was expounded to ensure that the 2 ൈ 2 ൈ 2	݉݉ଷ beam volume was centered within the 5/8” 
bolt, ensuring that the measurement was devoid of edge effects and shear flows caused by the 
irregular surface geometry of the threads. The final assumption, that of the bolt remaining in the 
elastic mechanical regime, has to be confirmed experimentally. The results of the direct 
measurements, converted to engineering stress, are shown in Figure E-40. 
  
Figure E-40: Direct measurements of bolt strain, converted to engineering stress assuming nominal bolt diameter, elastic 
regime, and standard Al Young’s modulus. The measurements are shown for the system’s four configurations: 50 Nm 
torque, 150 Nm torque at preload and 150 Nm bolt torque at 100 MPa at the beginning and the end of the measurement 
run. Measurement error is 3 MPa, comparable with the symbol size. 
Coincidentally, the relationship between torque in Nm and engineering stress in MPa in the bolt is 
essentially unity. The measurements between the two bolts coincide very nicely. 
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Case #2: 20 MPa (2.90 ksi) Tension, Clamped with 50 Nm (36.9 lb-ft) Bolt 
Torque 
The following positions resulted from the alignment process, Figure E-41.  
(a)  (b)  
Figure E-41: Graphical representation of wire positions for (a) offset angle -90° and (b) offset angle +90° as evaluated 
by the hybrid visual- and neutron-based alignment technique at 20 MPa (2.90 ksi) tension and hand-tight clamp. The 
visual representation of the wire positions acts as a zeroth-order error check of the evaluated coordinates. 
Strains Distributions 
 
Figure E-42: From left to right, strains in the orthonormal x, y, and z directions, as measured directly by neutron 
diffraction for Case #2. 
 
Figure E-43: Case #2, measured Cartesian neutron strains transformed into cylindrical coordinated, where the polar 





Figure E-44: Case #2, equivalent orthonormal stress distribution, transformed from measured strains. 
 
Figure E-45: Case #2, equivalent cylindrical coordinates of stress distribution. The Cartesian stress ߪ௬௬ completes the 
tensor. 
Von Mises Yield Criterion 
 
Figure E-46: Von Mises stress distribution in the cross section for Case #2. 
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Case #3: 20 MPa (2.90 ksi) Tension, Clamped with 150 Nm (110.6 lb-ft) Bolt 
Torque 
The following positions resulted from the alignment process, Figure E-47. 
(a)  (b)  
Figure E-47: Graphical representation of wire positions for (a) offset angle -90° and (b) offset angle +90° as evaluated 
by the hybrid visual- and neutron-based alignment technique at 20 MPa (2.90 ksi) tension and 50 Nm (36.9 lb-ft) clamp 




Figure E-48: From left to right, strains in the orthonormal x, y, and z directions, as measured directly by neutron 
diffraction for Case #3. 
 
Figure E-49: Case #3, measured Cartesian neutron strains transformed into cylindrical coordinated, where the polar 





Figure E-50: Case #3, equivalent orthonormal stress distribution, transformed from measured strains. 
 
Figure E-51: Case #3, equivalent cylindrical coordinates of stress distribution. The Cartesian stress ߪ௬௬ completes the 
tensor. 
Von Mises Yield Criterion 
 




Case #4a: 100 MPa (14.5 ksi) Tension, Clamped with 150 Nm (110.6 lb-ft) Bolt 
Torque 
The following positions resulted from the alignment process, Figure E-53. 
(a)  (b)  
Figure E-53: Graphical representation of wire positions for (a) offset angle -90° and (b) offset angle +90° as evaluated 
by the hybrid visual- and neutron-based alignment technique at 20 MPa (2.90 ksi) tension and 150 Nm (110.6 lb-ft) 




Figure E-54: From left to right, strains in the orthonormal x, y, and z directions, as measured directly by neutron 
diffraction for Case #4a. 
 
Figure E-55: Case #4a, measured Cartesian neutron strains transformed into cylindrical coordinated, where the polar 




Figure E-56: Case #4a, equivalent orthonormal stress distribution, transformed from measured strains. 
 
Figure E-57: Case #4a, equivalent cylindrical coordinates of stress distribution. The Cartesian stress ߪ௬௬ completes the 
tensor. 
Von Mises Yield Criterion 
 





Case #4b: 100 MPa (14.5 ksi) Tension, Clamped with 150 Nm (110.6 lb-ft) Bolt 
Torque – Far Field Stress Only 
Strain Distributions 
 
Figure E-59: From left to right, strains in the orthonormal x, y, and z directions, as measured directly by neutron 
diffraction for Case #4b. 
 
Figure E-60: Case #4b, measured Cartesian neutron strains transformed into cylindrical coordinated, where the polar 





Figure E-61: Case #4b, equivalent cylindrical coordinates of stress distribution. The Cartesian stress ߪ௬௬ completes the 
tensor. 
 
Figure E-62: Case #4b, equivalent cylindrical coordinates of stress distribution. The Cartesian stress ߪ௬௬ completes the 
tensor. 
Von Mises Yield Criterion 
 




We successfully fabricated a 19-wire aluminum strand to measure the strain distribution under 
confinement (clamping) in a cross section containing three layers of wires. The 19-wire strand is a 
natural extension of the 7-wire system, previously accepted as the standard sample to study friction 
interaction in parallel wire bundles. This expansion to 19 wires increases challenges in fabrication as 
well as alignment and measurement. The complexity of the interaction/contact mechanics between 
individual wires increases from 12 to 42 in the new, larger system. Additionally, the new system was 
constructed from non-ferrous material to enable neutron strain measurement in such a large volume 
of metal. Additionally, the new sample provides significantly higher potential for neutron diffraction 
to quantify the contact mechanics between the 19 wires, of which seven can only be reliably 
observed via neutron diffraction. 
A classical up-down clamp was selected for this experiment, as this represents most closely the 
confinement created by cable bands, which facilitate the connection between the vertical suspenders 
and the main cables of a suspension bridge. These bands have historically been considered the main 
radial confinement actors in bridges. The capability of cable bands to effectively confine a parallel 
wire cable has not been validated experimentally and is critical to the accurate quantification of 
residual cable strength and therefore the safety of suspension bridge cables.  
We successfully measured in situ stresses in a 19-wire aluminum specimen under varying 
confinement intensities and axial stresses. This data will enable the study of friction interaction, 
contact mechanics of multi-layered parallel wire strands, as well as the effect of Poisson thinning on 
confinement forces due to changes in far field stresses. These measurements will allow us to 
accurately quantify confinement forces with respect to depth in a multi-wire cable specimen. This is 
a novel achievement and will allow us to optimize existing finite element models and codes to more 
effectively model stress and strain distributions in parallel wire cables, especially suspension bridges. 
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These updated codes will in turn inform the state of the art of bridge design and maintenance. 
Strategies in both infrastructure inspection and management as well as novel design methods will 




APPENDIX F. INDUSTRIAL APPLICATIONS: HEXAGONAL AND 
HYBRID PREFABRICATED PARALLEL WIRE STRANDS 
EXECUTIVE SUMMARY 
We are presenting a novel hexagonally shaped high strength bridge wire to be used in the 
construction of suspension bridge main cables around the world. The wire is a further development 
of wires currently in use, which pursuant to ASTM A586 are zinc-coated round high strength steel 
wires with a diameter of 5 mm (including the zinc). These wires are then grouped into hexagonal 
strands which in turn are combined and compacted to make a full-size parallel wire bridge cable. 
The conventional wire exhibits a significant void ratio between the wires while the hexagonal wire is 
optimally packed with essentially no voids. The novel shape is a significant improvement over the 
existing technology, improving structural efficiency, increasing friction transfer between wires, and 
combatting corrosion throughout a cable cross section. The details of this invention are presented in 
the patent application included in this appendix. 
ABSTRACT 
A strand for a structural cable includes a plurality of wires and a winding. Each wire of the plurality 
of wires has a corresponding non-circular cross section configured to have a corresponding surface 
contact area with an adjacent wire of the plurality of wires. The corresponding contact area is 
substantively greater than a surface contact area of a circular wire having a diameter substantively 
identical to a largest inscribed circle for the corresponding non-circular cross section.  The winding 
surrounding the plurality of wires is configured to hold the wires in parallel within the strand.  The 
strand, with the plurality of wires within, has a hexagonal shape.   
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HIGH-STRENGTH WIRES FOR UNIFORM AND HYBRID STRUCTURAL CABLES 
 
CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001]  This application claims benefit of Provisional Appln. 61/940,340, filed February 14, 2014, 
the entire contents of which are hereby incorporated by reference as if fully set forth herein, under 
35 U.S.C. §119(e).  This application also claims benefit of Provisional Appln. 62/035,188, filed 
August 8, 2014, the entire contents of which are hereby incorporated by reference as if fully set forth 
herein, under 35 U.S.C. §119(e). 
BACKGROUND  
[0002]   A significant problem relevant to the infrastructure of a country, including the United 
States, is the ability to increase strength and reduce corrosion of cables used in suspension and 
cable-stay bridges. For example, corrosion of main cables of suspension bridges is one of the most 
challenging problems that bridge owners face today. Failure of a main cable of a suspension bridge 
corresponds to the failure of the entire bridge. Replacement of a cable is a very costly operation, 
with a cost around $100 million per cable, with larger bridges often having four cables. 
Unfortunately, cable deterioration is happening and the technology to control and assess said 
corrosion is still under development. Many of these monumental bridges (usually cable suspension 
bridges are quite large) have already passed their expected service life and, because of the importance 
they have gained in our infrastructure system (such as in New York City), they must be kept fully 
operational. 
[0003]  Suspension bridge cables are made up of thousands of high strength ASTM A586 steel wires 
bundled in parallel wire strands. These wires are generally zinc galvanized and have a diameter of 
4.98 mm, including the zinc coating. A notable exception to this specification is the Williamsburg 
Bridge in New York City, where “bright steel” wires with a diameter of 4.887 mm were used. These 
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wires are arranged in hexagonal strands, which are subsequently compacted by means of hydraulic 
jacks to form a round cable cross section.  Hydraulic compaction reduces the void ratio of a 
standard cable to approximately 20%; the fact that the cable is comprised of round wires limits the 
reduction of interstitial voids beyond 20%. 
[0004]   A primary hazard in the health of a suspension bridge lies in the corrosion of the main 
cables. Betti and Yanev (1999) have quantified the per annum cable strength loss of various bridges 
in the New York City tristate area at up to 0.37% per year. This rate is significant, considering that 
many of these bridges are approaching or have already surpassed a 100 year service life. Since the 
cables of a suspension bridge are the ultimate load-carrying member, great care must be taken to 
safeguard the condition of this system throughout the life of a bridge 
[0005]   Various corrosion actuators can adversely affect a suspension bridge cable’s condition: 1) 
residual stresses due to cold-working; 2) hydrogen embrittlement; 3) galvanic potential between zinc, 
steel, and other additives; and 4) intrusion of moisture into the cable cross section, potentially 
containing chlorides and/or sulfates from salt spray and acid rain, respectively. 
[0006]   Loss of cable strength is generally effected by two processes, either loss of metallic cross 
section (i.e. nominal area of steel carrying tensile load) or brittle cracking and fracture of individual 
wires. Wires in bridge cables generally fracture as a result of two distinct failure mechanisms. The 
first is uniform corrosion and pitting, studied by Eiselstein and Caligiuri (1988) on the Williamsburg 
bridge cables. They have found that wires undergo pitting corrosion when the cable is in a positive 
hydrogen scale corrosion potential at a pH ranging from 7 to 3. This pitting initially results in 
concentrated reductions of load-carrying cross section at random locations of the wire (i.e. pits), 
leading to local overload, yielding, and ductile failure of the wire at the location of the pitting 
corrosion.  
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[0007]   The second cause for fracture of bridge wires is a result of the combination of residual 
stress cracking supported by hydrogen embrittlement, as outlined by Marybaurl and Camo.  
Traditionally, bridge wires are drawn through dies at ambient temperature, lengthening the grains 
and therefore increasing the ultimate strength of the steel. During this process, the wires are given a 
curvature induced by the capstan, which draws the wire through the dyes. This residual but 
permanent radius of curvature ranges from 1.5 meters (m) to 1.8 m in traditionally manufactured 
wires, although it has been significantly increased with improved manufacturing techniques to 7.5 m 
or more. When the wires are subsequently straightened in service, they develop stresses on the inner 
and outer arc on the order of 200 MegaPascals (MPa, 1 MPa = 106 pascals, Pa, 1 Pa = 1 
newton/m2) in tension and compression, respectively. It has been found by Hopwood and Havens 
(1984) that stress cracking occurs once wires have lost their protective zinc coating due to zinc 
oxidation and subsequently undergone significant ferrous corrosion.  In such wires, pitting occurs, 
creating galvanic action which in turn generates free hydrogen which embrittles the steel wire. Such 
pits furthermore create a stress concentration within the remaining ferrous cross section, enabling 
the formation of a crack across the entire cross section of the wire. Such cracks have been detected 
in cables which have undergone significant corrosion. 
[0008]   In light of these hazards, various systems have been pioneered over the decades to reduce 
the corrosion rate in suspension bridge cables, with mixed success. The initial approach involved 
oiling cables with linseed oil during spinning – Brooklyn and Manhattan Bridges are an example of 
this – or simply covering the entire cross section of the cable with “red lead” paste, an emulsion of 
lead oxide mixed with linseed oil. The cross section is then wrapped circumferentially with a 9 gauge 
wrapping wire and painted. The red lead paste, especially, has proved to be ineffective, as it dries, 
cracks, and becomes friable over time. The wrapping wires have also exhibited significant corrosion, 
bulging, and even fracture on various bridges. 
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[0009]   Current approaches involve neoprene wrapping of cables, as well as forced-air 
dehumidification of cables with mechanically desiccated air. The Akashi-Kaikio Bridge in Japan 
employs both of these systems, along with the use of an interlocking S-shaped wrapping wire. 
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SUMMARY  
[0010]    Techniques are provided for high-strength wires for structural cable that are, in many 
embodiments, less subject to corrosion, and, in some embodiments, superior in strength. 
[0011]    In a first set of embodiments, a strand for a structural cable includes a plurality of wires and 
a winding. Each wire of the plurality of wires has a non-circular cross section configured to have a 
corresponding surface contact area with an adjacent wire of the plurality of wires. The 
corresponding contact area is substantively greater than a surface contact area of a circular wire 
having a diameter substantively identical to a largest inscribed circle for the corresponding non-
circular cross section.  The winding surrounding the plurality of wires is configured to hold the wires 
in parallel within the strand.  The strand, with the plurality of wires within, has a hexagonal shape. 
[0012]    In a second set of embodiments, a strand for a structural cable includes: multiple wires.  At 
least one wire of the multiple wires has a circular cross section; at least one portion of one wire has a 
non-circular cross section configured to have a corresponding surface contact area with an adjacent 
wire that has the non-circular cross section, and the corresponding contact area is substantively 
greater than a surface contact area of a circular wire having a diameter substantively identical to a 
largest inscribed circle for the corresponding non-circular cross section.  The strand also includes a 
winding surrounding the multiple wires. The winding is configured to hold the wires in parallel 
within the strand. The strand with the plurality of wires within has a hexagonal shape. 
[0013]    In a third set of embodiments, a method includes opening a structural cable strand made 
up of multiple circular cross sectional wires.  The method includes electing a extant wire of the 
strand to be spliced; and splicing a replacement wire into a portion of the extant wire.  The 
replacement wire has a non-circular cross section configured to have a corresponding surface 
contact area with an adjacent wire of the plurality of wires. The corresponding contact area is 
substantively greater than a surface contact area of a circular wire having a diameter substantively 
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identical to a largest inscribed circle for the corresponding non-circular cross section. In some of 
these embodiments, the replacement wire has a hexagonal cross sectional shape. 
[0014]    Still other aspects, features, and advantages of the invention are readily apparent from the 
following detailed description, simply by illustrating a number of particular embodiments and 
implementations, including the best mode contemplated for carrying out the invention.  The 
invention is also capable of other and different embodiments, and its several details can be modified 
in various obvious respects, all without departing from the spirit and scope of the invention.  
Accordingly, the drawings and description are to be regarded as illustrative in nature, and not as 
restrictive. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0015]    The present invention is illustrated by way of example, and not by way of limitation, in the 
figures of the accompanying drawings and in which like reference numerals refer to similar elements 
and in which: 
[0016]    FIG. 1A is a block diagram that illustrates an example structural cable used in a suspension 
bridge, according to an embodiment; 
[0017]    FIG. 1B through FIG. 1D are block diagrams that illustrate an example arrangement of 
wires in strands in a structural cable; 
[0018]  FIG. 2A through FIG. 2C are block diagrams that illustrate example regular hexagonal wires 
for a structural cable, according to an embodiment; 
[0019]   FIG. 3A and FIG. 3B are block diagrams that illustrate example computed forces and 
deformation for circular and hexagonal wires, according to an embodiment; 
[0020]   FIG. 4 is a block diagram that illustrates an example strand made up of wires of a 
rectangular shape, according to various embodiments; 
[0021]   FIG. 5A through FIG. 5D are a block diagrams that illustrates example cross sectional 
shapes for wires of a strand, according to various embodiments; 
[0022]   FIG. 6A and FIG. 6B are block diagrams that illustrate example wires of a bumpy 
hexagonal shape, according to various embodiments; 
[0023]   FIG. 7 is a block diagram that illustrates an example strand made up of wires of different 
sizes, with the smallest wires having a regular hexagon shape, according to various embodiments; 
[0024]   FIG. 8A is a block diagram that illustrates an example splice of a non-circular cross 
sectional wire into a cable strand with circular cross sectional wires, according to an embodiment; 
[0025]   FIG. 8B is a block diagram that illustrates an example cross section of a non-circular cross 
sectional wire surrounded by circular cross sectional wires, according to an embodiment; 
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[0026]   FIG. 8C is a block diagram that illustrates an example cross section of a circular cross 
sectional wire surrounded by non-circular cross sectional wires, according to an embodiment.; 
[0027]   FIG. 9 is a block diagram that illustrates example computed forces and deformation for 
hybrid circular and hexagonal wires, according to an embodiment; 
[0028]   FIG. 10A is a block diagram that illustrates example experimental setup to measure friction 
between wires in a strand, according to an embodiment; 
[0029]   FIG. 10B is a graph that illustrates example experimental results comparing friction 
between wires in a strand using different combinations of wire cross sections, according to an 
embodiment; 
[0030]   FIG. 11 is a flow chart that illustrates an example method for retrofitting wires in a 
structural cable in place on a structure, according to an embodiment; 
[0031]   FIG. 12A and FIG. 12B are photographs that illustrate example coiling of a bundle of wires 
with a non-circular cross section for a strand on a spool, according to an embodiment; and 
[0032]   FIG. 13 is a flow chart that illustrates an example method for constructing a structure using 
multiple spools, each spool holding a coiled strand of wires with non-circular cross section, 




[0033]  A strand is described for high-strength structural cables and method of using same.  In the 
following description, for the purposes of explanation, numerous specific details are set forth in 
order to provide a thorough understanding of the present invention.  It will be apparent, however, 
to one skilled in the art that the present invention may be practiced without these specific details.  In 
other instances, well-known structures and devices are shown in block diagram form in order to 
avoid unnecessarily obscuring the present invention.   
[0034]    Some embodiments of the invention are described below in the context of cables for 
suspension bridges, such as the George Washington Bridge connecting Manhattan, New York, with 
Fort Lee, New Jersey.  However, the invention is not limited to this context.  In other embodiments, 
structural cables are constructed of multiple wires and used in other structures, such as guy wires for 
towers and support cables for elevators, counterweights and balconies. 
[0035]    As used herein the following terms have the meanings given here.  
Interference, means either (a) The collision of the tips of the teeth of one gear-wheel with the flanks 
of those of the mating wheel which occurs if the teeth are not cut to a suitable profile; or, (b) the 
amount by which the external dimension of a part exceeds the internal dimension of the part into 
which it has to fit.  
Interference fit means a fit between two mating parts for which, within the specified tolerances, 
there is always an interference between them.  
To interlock means to engage with each other by partial overlapping or interpenetration of alternate 
projections and recesses, or to lock or clasp with each other. 
Friction refers to the rubbing of one body against another and, further, in physics, the resistance 
which any body meets with in moving over another body.  
Friction-tight means fitting so tightly that the desired amount of friction is obtained.   
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1. Overview  
[0036]   FIG. 1A is a block diagram that illustrates a structural cable 110 used in a suspension bridge 
100, according to an embodiment. The structural cable 110 is suspended from two piers 120 and is 
connected to, and supports, a roadway 122 by multiple vertical cables (suspenders) 102.  The cable 
110 is constructed as described below, according to an embodiment. 
 
[0037]   FIG. 1B through FIG. 1D are block diagrams that illustrate an example arrangement of 
wires in strands in a structural cable according to some conventional approaches. For example, in a 
conventional suspension bridge, a cable 130 is made up of between about 7000 and 20,000 round 
steel wires 132, each coated with zinc metal, which often forms on its surface a layer of zinc oxide. 
The round wires 132 are about five (5) millimeters (mm) in diameter (1 mm = 10-3 meters). The 
wires are often pre-assembled into hexagonal strands 134, e.g., with the cross section approximating 
a regular hexagon of equal sides and angles. In some embodiments, the strand is contained within a 
winding of some sort. For example, in some embodiments the strand is coated with a sheath 136 of 
suitable material. In some embodiments, the strands are not themselves placed in a sheath, but they 
are taped with high-strength glass fiber reinforced tape 137 as a winding at several positions along 
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the length of the cable.  The strands are often assembled off-site in a manufacturing facility suitable 
for ordering the wires of the strand in a hexagonal grid, for keeping the wires parallel for the length 
of the strand, and for tightly packing the wires together within the strand. This practice and the 
actual strand are called Prefabricated Parallel Wire Strands (PPWS) in the industry. The regular 
hexagonal strands 134 are combined on site, aligned in parallel, to form the cable 130. Smaller 
strands with other polygonal cross sections, such as irregular hexagon strands 135, are often also 
added along the outer perimeter to complete the overall circular cross section of the cable 130. 
When completed, the cable 130 is about 18 to 44 inches in diameter. The cable 130, itself, is often 
coated with zinc paste, wrapped by a wrapping wire and painted or wrapped by a rubber (e.g., 




[0038]  It is noted that the cables 130 so constructed have a void ratio of about 20% before 
compaction, and as low as about 9% after compaction.  The void ratio is caused by the voids 139 
between the round wires 132.  Fluid with electrolytes often permeates these voids 139 and leads to 
corrosion of the wires 132, thus weakening the strands 134, 135, and ultimately weakening the cable 
130. 
[0039]  According to some embodiments, a strand includes a plurality of wires and a winding. Each 
wire of the plurality of wires has a corresponding non-circular cross section configured to have a 
corresponding surface contact area with an adjacent wire of the plurality of wires. The 
corresponding contact area is substantively greater than a surface contact area of a circular wire 
having a diameter substantively identical to a largest inscribed circle for the corresponding non-
circular cross section.  The extra surface contact area provides friction that serves to compensate 
over a distance for broken wires when deployed. That is, when a wire in a deployed cable breaks, the 
surface contact under pressure with adjacent wires causes the wire on either side of the break to 
transfer the load stresses to the adjacent wires and then take up the load again on the other side of 
the break. 
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[0040]  According to some embodiments, the cross section (or cross sectional shape) is also chosen 
to reduce the void ratio in the strand from that of the conventional strand made up of round wires. 
This reduces exposure of the wires to electrolytes and reduces the rate of corrosion. 
[0041]  According to some embodiments, the shape is also chosen to favor self-ordering of the 
plurality of wires within the strand.  For example, the shape is selected so that the wires are easily 
ordered in a grid for forming the strand, such as a hexagonal grid for forming the hexagonal stand.  
[0042]  According to some embodiments, the shape is also chosen to favor self-packing of the 
plurality of wires within the strand.  For example, the shape is selected so that the wires easily fit 
together closely to reduce total void ratio in the strand.  
[0043]  According to some embodiments, the size is chosen to work with existing equipment with 
only minor modification. Thus, in some embodiments, the wire has a cross sectional size and shape 
such that a greatest inscribed circle is about 5 mm, or the cross sectional size and shape is inscribed 
within a circle of about 5 mm, or some combination.  
[0044]  According to some embodiments, the shape is also chosen so that the non-circular cross 
section of each wire has no acute angle. This adds safety, in that fast moving wires have edges that 
are more likely to cut human operators if the wire cross section has one or more acute angles than if 
the wires have cross sections without any acute angle. Furthermore, when acute angles are avoided, 
fracturing of wires is less likely.  Even further, avoiding acute angles reduces locations of high stress 
where those angles contact a flat surface that can lead to abrasion and to increased corrosion at such 
abrasion locations. Furthermore, avoiding acute angles reduces burnishing, the plastic deformation 
of a surface due to sliding contact with another object.  
[0045]  As in the conventional cable, the strand, with the plurality of wires within, preferably has a 
hexagonal shape, whether regular or irregular. 
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[0046]  In one embodiment, hexagonal wires offer all these advantages.  FIG. 2A through FIG. 2C 
are block diagrams that illustrate example regular hexagonal wires 200 for a structural cable, 
according to an embodiment.  A regular hexagonal wire 200 with a zinc or zinc oxide coating 211 
comprises a zinc coated regular hexagonal wire 210. As can be seen, when packed together in a 
group 202 of regular hexagonal wires 210, there is great surface area contact allowing for a great deal 
of friction. In addition, the void ratio is substantively zero (i.e., zero for most practical purposes).  
This configuration provides both a strand of increased strength and decreased corrosion compared 
to conventional strands of the same number of conventional round wires. Strand 220 is an example 





2. Relation of strength to surface contact area  
[0047]  Equations are presented here, which demonstrate advantages of various embodiments in 
causing a strand to recover from a break in an individual wire. However, embodiments are not 
limited by the completeness or accuracy of these equations. When considering the friction 
interaction between two bridge wires, both the case of round and hexagonal wires under a 
compaction force are considered. These serve as a basis of comparison for the friction areas, which 
each geometry provides. This calculation is based on classical problems in the theory of elasticity, in 
which a concentrated force, F, acts in a z direction (Fz) on an elastically deformable infinite half 
space defined by an x-y plane. 
[0048]  The resulting displacements  ux, uy, uz in the x, y and z directions, respectively, are expressed 
as functions of Cartesian position (x, y, z) relative to the point of application of force Fz as given by 
Equations 1a through 1d. 




௥ሺ௥ା௭ሻ ቃ ܨ௭       (1a) 




௥ሺ௥ା௭ሻ ቃ ܨ௭      (1b) 




௥యቃ ܨ௭       (1c) 
where  ݎ ൌ ඥݔଶ ൅ ݕଶ ൅ ݖଶ       (1d)  
E indicates Young’s modulus and   indicates Poisson’s ratio (the negative ratio of transverse to 
axial strain, where traverse is perpendicular to the direction of force and axial is parallel to direction 
of force).   
[0049]  From these displacement functions, one can derive the Hertzian contact force of a rigid 
sphere and an elastic infinite half space, which can then be applied to the contact problem of two 
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elastic bodies with curved surfaces in contact. For a detailed derivation, see Popov 2010. FIG. 3A 
and FIG. 3B are block diagrams that illustrate example computed forces and compaction for circular 
and hexagonal wires, 132 and 200, respectively, according to an embodiment.  
 
[0050]  Of particular interest in this investigation is the problem of two cylinders contacting each 
other on the curved face; see FIG. 3A. In this case, a normal force, F, is evenly distributed along a 
contact length L of two cylinders with radii R1 and R2, Young’s moduli of E1 and E2, and Poisson’s 
ratios of ν1 and ν2. For simplicity, only one interaction point between two round wires is considered. 
In reality, completely covered internal wires contact six neighboring wires at regular 60° radial 
intervals. This contact relationship for the number of faces and requisite friction transfer capability 
scales directly. The industry-standard compaction force is about 2000 pounds per square inch (psi, 1 
psi ≈ 6.9x103 Pa). 
[0051]  The resulting elastic deformation of the two cylinders creates a contact area with half-width, 
b, defined according to Equation 2. 








       (2) 
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In the case of ASTM A586 zinc-coated parallel steel wires, E1=E2=Esteel=2·1011 Pa, ν1=ν2=νsteel=0.3,  
R1=R2=Rwire=2.5·10-3 m; hence Equation 2 can be simplified as given by Equation 3. 








ൌ 1.20 ∙ 10ି଻ටி௅    (3) 
As an example, with a compaction pressure of pff = 1.4·107 Pa (≈ 2,000 psi), assuming six contact 
points (ncont), along the circumference (Cwire) of a 5 mm diameter wire and a balanced concentration of 
said pressure on the six contact points (ncontact), the circumferential wire distributed load ቀி௅ቚ௖௜௥௖ቁ is 
given by Equation 4 and contact distributed load ቀி௅ቚ௖௢௡௧௔௖௧ቁ is given by Equation 5: 
 
ி
௅ቚ௖௜௥௖ ൌ ݌௙௙ ∙ ܥ௪௜௥௘ ൌ 1.4 ∙ 10







଺ ൌ 3.665 ∙ 10ସ 	ܰ ݉ൗ    (5) 
The resulting deformed (flat) width (2b), which is in contact with its neighboring wire is given by 
Equation 6. 
2ܾ ൌ 2 ∙ 1.20 ∙ 10ି଻√3.665 ∙ 10ସ ൌ 4.6 ∙ 10ିହ	݉ ൌ 0.0460	݉݉  (6) 
The distribution along the contact area is semi-elliptical, with the maximum contact pressure (at the 
center of pressure), pmax given by Equation 7. 
  ݌௠௔௫ ൌ ଶிగ௕௅         (7) 
Continuing the numerical example, the maximum pressure for this case is given by Equation 8. 
  ݌௠௔௫ ൌ ଶிగ௕௅ ൌ
ଶ∙ଷ.଺଺ହ∙ଵ଴ర
గ∙ర.లబ∙భబషఱమ
ൌ 1.02 ∙ 10ଽܲܽ ൌ 1.02ܩܲܽ  (8) 
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[0052]  The continuum mechanics evaluation of contact face for the hexagonal wire is trivial since 
the regular hexagon allows for a tight packing regime with zero void ratios and complete contact on 
all faces without application of compaction forces. For the sake of comparison, the contact surface 
is enumerated for one side of a regular hexagonal wire, shown in FIG. 3B, with the same distributed 
linear load, ி௅, along the length, L. Invoking the geometric properties of the regular hexagon, it is 
known that the radius (Rn) equals the length of the vertex (Vn). In the case of this numerical 
example, it follows that R1=R2=V1=V2=2.5·10-3 m. Therefore, for the hexagon, the contact surface 
width 2b = 2.5·10-3 m = 2.5 mm. 
[0053]  The maximum pressure, pmax, is rather an evenly distributed load on one face of the hexagon, 
pface  is given by Equation 9. 
  ݌௠௔௫ ൌ ݌௙௔௖௘ ൌ 1.4 ∙ 10଻	ܲܽ ൌ 14	ܯܲܽ    (9) 
[0054]  The contact area of the hexagonal wire under 14 MPa of compaction pressure is 73 times 
higher than a round wire with equivalent packing cross-section. Furthermore, the contact surface 
area is not a function of compaction force for the hexagonal cross sections since the system is 
already in full geometric contact (i.e. fully packed) before application of any compaction load.  
[0055]  The degree of the stress concentration (stress concentration factor, SCF) at the point of 
contact of the round wire becomes evident when comparing the pmax of the hexagonal and round 
wires, as given by Equation 10. 
  ܵܥܨ ൌ ௣೘ೌೣೝ೚ೠ೙೏௣೘ೌೣ೓೐ೣ ൌ
ଵ.଴ଶ	ீ௉௔
ଵସ	ெ௉௔ ൌ 72      (10) 
This magnitude of stress concentration at the points of contact can lead to fatigue cracking, surface 
damage due to contact friction, burnishing, etc., collectively termed burnishing. All of these 
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consequences are highly undesirable, and should be avoided in various embodiments in order to 
safeguard the long-term survivability of a parallel wire bridge cable system. 
[0056]  It has been shown experimentally that round wires with a fracture can recover 90% of load 
after approx. 10 cm of length, if the system is sufficiently clamped/confined [3]. However, it has 
been found in subsequent experiments that the same system experiences surface burnishing, which 
significantly reduces the load transfer of the same system under equal clamping conditions. A 
reduction of load-carrying capacity from 90% to 30% has been recorded. It is offered here that the 
advantageous surface contact/packing of the hexagonal wires not only greatly increases the frictional 
load transfer and therefore decrease the recovery length by an order of magnitude, but that it also 
significantly reduces surface burnishing. Both the decrease in recovery length and the reduction of 
surface burnishing due to cyclical load fluctuations greatly increases the system’s resilience to wire 
breaks. 
3. Example Embodiments  
[0057]  In various example embodiments, the wire shapes with increased surface area contact 
include hexagons, rectangles, crosses, bumpy polygons, among other shapes of a single shape and 
size, or multiple sizes, or compound shapes comprising multiples of the smallest shapes, or some 
combination.  For some compound shapes, at least one wire of the plurality of wires has a cross 
sectional size and shape substantively identical to a size and shape of a plurality of other wires of the 
plurality of wires. As described above, in some embodiments, the wires each have a hexagonal shape 
and are uniform in size. 
[0058]   Non-hexagonal shapes can also be used to produce regular hexagonal strand with increased 
surface contact areas.  FIG. 4 is a block diagram that illustrates an example strand 400 made up of 
wires 410 of a rectangular cross sectional shape, according to various embodiments. In some 
embodiments, the rectangles have sides of the same length; so each of the wires has a square cross 
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section. Again, one or more larger wires comprising a square or compound shape equivalent to a 
packing of several of the smallest wires 410, are used in some embodiments.  
 
[0059]   FIG. 5A through FIG. 5D are block diagrams that illustrates example cross sectional shapes 
for wires of a strand, according to various embodiments. FIG. 5A is a block diagram that illustrates 
example wires 522 of a triangular cross-sectional shape, according to various embodiments. The 
group 520 includes 6 wires in a hexagonal pattern, but each wire 522 has a triangle shape. There is 
substantively complete contact along the surfaces of the wire and substantively zero void ratio. In 
some embodiments, the triangles are equilateral triangles with sides of the same length. Again, one 
or more larger wires comprising a triangle or compound shape equivalent to a packing of several of 
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the smallest wires 522, are used in some embodiments. In some embodiments, to reduce risk of 
injury to those who work with the wires, the acute angle of each triangle vertex is rounded, which 
slightly reduces contact area and slightly increases void ratio of the group 520.  
 
 
[0060]   FIG. 5B is a block diagram that illustrates example wires 532 of a cam cross-sectional 
shape, according to various embodiments. The group 530 includes 7 wires in a hexagonal pattern, 
but each wire 532 has an interlocking cam shape. There is substantively complete contact along the 
surfaces of the wire and substantively zero void ratio. The shape avoids acute angels and therefore 
reduces risk of injury to persons working with the individual wires compare to wires with acute 
angles in the cross-sectional shape.  Again, one or more larger wires comprising a compound shape 
equivalent to a packing of several of the smallest wires 532, are used in some embodiments. 
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[0061]   FIG. 5C is a block diagram that illustrates example wires 510 of a cross shape, according to 
various embodiments. The group 500 includes 7 wires in a hexagonal packing regime, but each wire 
510 has a cross shape. There is substantively complete contact along the surfaces of the wire and 
substantively zero void ratio. In some embodiments, the crosses have sides of the same length. 
Again, one or more larger wires comprising a cross or compound shape equivalent to a packing of 
several of the smallest wires 510, are used in some embodiments. 
[0062]   FIG. 5D is a block diagram that illustrates example wires 542 of an interlocking teeth gear 
cross-sectional shape, according to various embodiments. The group 540 shows 25 wires in a 
pattern, but each wire 542 has an interlocking gear shape. There is more contact along the surfaces 
of the wire and smaller void ratio than in groups made up of circular wires. The shape avoids acute 
angels and therefore reduces risk of injury to persons working with the individual wires compare to 
wires with acute angles in the cross-sectional shape.  Again, one or more larger wires comprising a 
compound shape equivalent to a packing of several of the smallest wires 542, are used in some 
embodiments. In some embodiments, gear teeth are added along sides of the other shapes above, 
e.g., rectangular cross-sections, to favor self-ordering or self-packing or both in strands made up of 
such wires. 
[0063]   FIG. 6A and FIG. 6B are block diagrams that illustrate example wires 610 of a bumpy 
hexagonal shape, according to various embodiments. The group 600 includes 7 wires 610 to form a 
hexagonal pattern. There is substantively complete contact along the surfaces of the wire and 
substantively zero void ratio. The bumps help align the wires 610 for self-ordering. Again, one or 
more larger wires comprising a compound shape equivalent to a packing of several of the smallest 
wires 610, are used in some embodiments. 
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[0064]   In some embodiments, not all wires in the strand are the same size or shape or both. 
Bundled cables made from differently-sized wires currently only exist in helically-spun wires.  The 
technology described here could be extended to differently-sized wires in bundles, akin to what is 
shown in FIG. 7.  FIG. 7 is a block diagram that illustrates an example strand made up of wires of 
different sizes, with the smallest wires having a regular hexagon shape, according to various 
embodiments. Example strand 750 is made up of three compound shaped wires 752 and 16 5-mm 
regular hexagonal wires 210.  Each compound shape 752 is equivalent to 7 stacked 5-mm regular 
hexagons, which are the smallest wires in the strand. This embodiment has a void ratio of 
substantively zero.   
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4. Retrofit embodiments. 
[0065]   In the case of retrofit projects, it may become useful to replace individual wires in a cable 
with replacement wires of new virgin material due to corrosion and/or cracking of individual extant 
wires over the service life of the structural system. In such a case, replacement is accomplished by 
splicing the replacement wire into the extant wire in place in the existing structural system. 
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[0066]   In this case, the interaction in hybrid systems containing both classical round and novel 
(non-round) wires are determined. In an illustrated embodiment, hexagonal wires are used as an 
example of a non-round novel geometry with the advantages of higher contact area and lower void 
ratios. 
[0067]   If broken wires are detected during inspection or wire samples are removed for laboratory 
testing, NCHRP Report 534 dictates that a new section of wire be spliced into the working cable 
and tensioned to the original service load of surrounding wires.  New wire is spliced into extant 
wires in the cable by using carbon steel or stainless steel wire ferrules. Threaded ferrules involve 
threading the wire by either cutting or rolling and are specified to sustain 75% of the original tension 
capacity of the wire. Pressed-on ferrules, which are crimped onto wire by mechanical means, are 
specified to sustain 90% of the ultimate strength of the wire. 
[0068]   The structural aspects of the splicing process are depicted in FIG. 8A.  FIG. 8A is a block 
diagram that illustrates an example splice of a non-circular cross sectional wire into a cable strand 
with circular cross sectional wires 801, according to an embodiment. The defective portion of the 
extant wire is removed, leaving two extant portions, extant portion 801 and extant portion 804, both 
with circular cross sections. The procedure involves cutting a new piece of replacement wire to the 
approximate length of the removed portion of the extant wire and subsequently cutting the 
replacement wire into two pieces, new wire portion 802 and new wire portion 803, both with non-
circular cross sections. Each end of the original wire 801 and 804 is cleaned, and a pressed-on ferrule 
811 and 812 is spliced onto each end, respectively. The two new wire portions 802 and 803 are then 
spliced into the central threaded ferrule 821 and tensioned by use of jacks to the prescribed service 
load. This allows wire portion 803 to be lined up to wire portion 804 and trimmed to the length that 
it will be under service load. The assembly is unloaded, and wire portion 803 is spliced onto wire 
portion 804. Care is given to properly orient the cross section of the new wire to achieve optimal 
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packing (i.e. minimize void ratios) in the existing wire matrix.  The entire new wire assembly is then 
tensioned by turning the opposing threads integrated into the threaded wire ferrule 821, much like a 
turnbuckle. Tension in each inserted wire is tested by the tension offset method using a 
dynamometer, as is well known in the art. 
 
[0069]   As a result of such splicing a hybrid strand is produced. A hybrid strand is any strand 
containing more than one type of cross-sectional geometry. For purposes of illustration, seven-wire 
unit cell examples consisting of six peripheral and one central wire in tight hexagonal packing are 
considered. FIG. 8B is a block diagram that illustrates an example cross section of a non-circular 
cross sectional wire 802a surrounded by circular cross sectional wires 801a through 801f, according 
to an embodiment.  FIG. 8C is a block diagram that illustrates an example cross section of a circular 
cross sectional wire 801g surrounded by non-circular cross sectional wires 802b through 802g, 
according to an embodiment. 
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[0070]   As far as is currently known, no work has been performed in either academia or industry to 
study the friction interaction properties of such hybrid systems. Testing is currently underway at the 
Carleton Laboratory of Columbia University to quantify the interaction mechanics for one or more 
embodiments of such hybrid systems.  
[0071]   FIG. 9 is a block diagram that illustrates example computed forces and deformation for 
hybrid circular and hexagonal wires, 132 and 200, respectively, according to an embodiment.  
Equation 2 is still valid in this case, where ܴଶ → ∞ to quantify the flat face of the hexagonal wire, 
simplifying to Equation 11. 






       (11) 
In the case of ASTM A586 zinc-coated parallel steel wires, as described above, E1=E2=Esteel=2·1011 
Pascals (Pa, 1 pa = 1 newton per square meter), ν1=ν2=νsteel=0.3,  R1=R2=Rwire=2.5·10-3 m, yielding 12. 






ൌ 1.702 ∙ 10ି଻ටி௅    (12) 
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When compared to the circle-circle interface, it becomes apparent that the contact surface is √2 
times greater than the circular-circular interface. This is effectively a 41% improvement of the stress 
concentration problem inherent in the circle-circle contact problem. 
 
[0072]   . It is safe to say that the void ratio will decrease, but it depends on the configuration of the 
hybrid system. When using hexagonal wires to replace round wires, though, the void ratio will always 
be reduced over the original round-only configuration, when the hex wire is oriented properly. 
[0073]   The performance of hybrid systems resulting from such retrofitting was compared 
experimentally to current round wire systems. Initial pullout testing shows that the replacement of 
round wires by hex wires significantly increases the average maximum load required to pull out the 
center wire from a 7-wire specimen (37% increase), indicating a desirable increase in the amount of 
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load transferred to the center wire. The basic geometry of each specimen is shown in FIG. 10A.  
Experimental runs were performed in which a maximum load was measured that resulted in 
extracting the center wire from the surrounding six wires. 
 
[0074]   FIG. 10A is a block diagram that illustrates example experimental setup to measure friction 
between wires in a strand, according to an embodiment. A 7 wire group 1060 includes a shortened 
center wire.  For example the group is 30 centimeters (300 mm) long, but the center wire is only half 
that, having a length of 15 cm (150 mm).  The group 1060 is anchored to a base 1050 such as a 
shackle, which is about 10 cm (105 mm) in the illustrated embodiment. A removable center wire 
1064 is inserted into the group 1060 in the gap left by the short but anchored center wire.  The 
group is then compressed using clamp 1062. The maximum force (maximum load) used to remove 
the center wire 1064 is recorded as a measure of the frictional force applied by the group along the 
encompassed 150 mm of the center wire 1064. This maximum usually is the force that is required to 
get the center wire 1064 to move, and the force to keep the center wire 164 moving is less after the 
center wire 1064 begins to move. In some experiments, the maximum load was determined by 
mounting the setup vertically with the removable center wire 1064 extending downward, and 
attaching weights to the removable center wire 1064 until the removable center wire 1064 moved 
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out of the group 1060. In various experiments, each wire of the group 1060, or the removable center 
wire 1064,  is either a circular 5 mm wire, e.g., wire 132, or a 5 mm hexagonal wire, e.g., wire 200. 
[0075]   As a control, a 7-wire specimen using round steel wires was constructed and pullout tests 
were conducted on it using a calibrated MTS 220 kilopound (kip, 1 kip = 103 pounds, about 4,450 
newtons) Universal Testing Machine (UTM) available from MTS Systems Corporation, Eden Prairie, 
Minnesota. UTM is an instrumented test frame that allows the application of either tension or 
compression to a specimen. Thirty experimental runs were performed and the results plotted in 
FIG. 10B. FIG. 10B is a graph 1070 that illustrates example experimental results comparing friction 
between wires in a hybrid strand using different combinations of wire cross sections, according to an 
embodiment. The horizontal axis 1072 indicates trial number; and, the vertical axis 1074 indicates 
maximum load in newtons (N). Data from control experiments using only round wires (e.g., wires 
132) are given by trace 1081a.  The average of these 30 runs is given by dashed horizontal line 
1082a.  For the control, the average maximum load was about 4450 N. The extracted wire showed 
significant burnishing damage. Effectively, the relatively irregular zinc coating is being 
burnished/scraped off the wire surface and a smooth surface results. During initial cycles, the zinc is 
merely being smoothed. After about 15 cycles, areas of complete zinc removal start to appear. At 
these points, there is undesirable steel-steel contact. It is noted here that the initial surface roughness 
due to the hot dip zinc coating is very rough while the final surface roughness at the points of 
contact is quite smooth, provided there is not an excessive number of pulling cycles.  
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[0076]   The next geometry considered was a hybrid geometry with the removable center wire  1064 
comprising a hexagonal wire in a group 1060 of round wires. Ten experimental runs were performed 
and the results plotted in FIG. 10B as trace 1081b. The average load was about 6100 N as indicated 
by dashed horizontal line 1082b. These tests showed a significant increase in the average maximum 
load required to pull the center wire out of the strand (about a 37% increase). The samples still 
showed burnishing at the contact points, but the burnishing was less than the in the control 
experiment using all round wires. 
[0077]   The next geometry considered was an all hexagonal geometry with all six surrounding and 
the anchored center wire of the group 1060 and the removable center wire 1064 using hexagonal 
wires (e.g., wires 200). Ten experimental runs were performed and the results plotted in FIG. 10B as 
trace 1081c. The average load was about 5700 N as indicated by the dashed horizontal line 1082c. In 
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this situation, a 27% increase was measured over the traditional round wire setup as represented by 
the control experiment, dashed line 1082a.  The burnishing of the sample was significantly reduced 
and far more uniform than that of either the hybrid geometry or control experiments. 
5. Method to retrofit structural cable with wire that has a non-circular cross section. 
[0078]   FIG. 11 is a flow chart that illustrates an example method for retrofitting wires in a 
structural cable in place on a structure, according to an embodiment. Although steps are depicted in 
FIG. 11, and in subsequent flowchart FIG. 13, as integral steps in a particular order for purposes of 
illustration, in other embodiments, one or more steps, or portions thereof, are performed in a 
different order, or overlapping in time, in series or in parallel, or are omitted, or one or more 




[0079]   A very detailed guideline developed by Mayrbaurl and Camo (2004) sets standards for 
inspection protocols, field and laboratory testing, estimation of cable strength, and reporting. It is 
accepted as the current state of practice in the bridge engineering community. 
[0080]   In step 1101, a supply of wires, each with a non-circular cross section is provided. For 
example, single wire would be brought to the site on a standard 3’ (1 m) diameter wire spool. This 
spool holds about 9500 m of wire and weighs about 1 ton.  
[0081]   In step 1103, a section of structural cable in place is opened for inspection. For example, 
the standard requires various levels of intensity of cable inspection, “internal inspection” being the 
most thorough; this level of inspection is prescribed at least every 30 years, but intervals are 
decreased to as little as five years if significant corrosion is detected and the bridge ages. During an 
internal inspection, the cable is wedged open at numerous radial positions by use of non-sparking 
wedges and hammers and/or hydraulic wedge jacks. Typically, each cable is inspected at a minimum 
of three locations: at the trough of the main span and side span and one alternately at the midpoint 
between the trough and peak of either the main span or the side span. It is interesting to note that 
the red lead paste originally applied to the cable as a corrosion deterrent not only largely failed its 
purpose but now poses an environmental and occupational hazard, requiring the installation of 
enclosures with filtering systems and appropriate personal protective equipment (PPE) for the 
worker to safely remove the paste. At each inspection point, the cable is wedged at eight locations, 
spaced evenly at 45° intervals. Generally, an entire panel, the distance between adjacent cable bands, 
(ca. 12 m) is wedged during an inspection. 
[0082]   In step 1105, each exposed wire is examined for damage. For example, Hopwood and 
Havens (1984) proposed a visual categorization for corrosion ranging from Stage 1 to Stage 4, which 
is still in use today. A wire is categorized as Stage 1 when spots of white zinc corrosion are visible on 
the wire. A wire is considered Stage 2 when it is entirely covered by white rust (i.e. zinc corrosion), 
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but no ferrous corrosion has yet initiated. A wire is considered Stage 3 if it exhibits spots of ferrous 
corrosion (red rust), not to exceed 30% of the wire area.  When a wire exhibits more than 30% 
ferrous corrosion, it is classified as Stage 4. Beyond stage 4 are broken wires. In some embodiments, 
one or more exposed Stage 4 wires are cut to use as samples for further testing.  
[0083]   In step 1107, it is determined whether the damage level exceeds a threshold (e.g., advanced 
stage 4 or broken wires) on a portion of all or part of the exposed wire. If not, control passes back 
to step 1103 to open another section. If so, then, in step 1111, one or more portions of the one or 
more exposed wires that exceed the damage threshold are cut out of the exposed wires.  The extant 
wires are wedged so that they bend out of the plane of the cable and are then cut with a shear cutter, 
a bolt cutter, or similar tool. The specific wires to be extracted for testing and/or replacement are 
generally dictated by a civil/structural engineer. Control then passes to step 1113 and 1115. 
[0084]   In step 1113 a wire with a non-circular cross section is spliced onto the remaining portions 
of the one or more wires that were cut.  The splicing is performed to replace the damage portion of 
the extant wire that was cut away. For example, if broken wires are detected during the inspection or 
wire samples are removed for laboratory testing, NCHRP Report 534 dictates that a new section of 
wire be spliced into the working cable and tensioned to the original service load of surrounding 
wires. As described above, new wire is spliced into the cable by using carbon steel or stainless steel 
wire ferrules. Threaded ferrules require the wire to be threaded by either cutting or rolling and are 
specified to sustain 75% of the original tension capacity of the wire. Pressed-on ferrules, which are 
crimped onto wire by mechanical means, are specified to sustain 90% of the ultimate strength of the 
wire. There are many different proprietary ferrule designs on the market, although they all function 
similarly.  Replacement wire is provided on a spool, as described above, and then necessary section 
is cut from the spool.  
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[0085]   As described above, the current standard procedure requires that a new piece of wire be cut 
to the approximate length of the removed wire and subsequently cut into two pieces (labeled wires 
802 and 803 in FIG. 8A). Each end of the original wire is cleaned (labeled wires 801 and 804 in FIG. 
8A), and a pressed-on ferrule 811, 812 is spliced onto each end. The two new wires 802, 803 are 
then spliced into the central threaded ferrule 821 and tensioned by use of jacks to the prescribed 
service load. This allows wire 803 to be lined up to wire 804 and trimmed to the length that it will be 
under service load. The assembly is unloaded, and wire 803 is spliced onto wire 8044. The entire 
new wire assembly is then tensioned by turning the opposing threads integrated into the threaded 
wire ferrule 821, much like a turnbuckle. Tension in each inserted wire is tested by the tension offset 
method using a dynamometer. It is noted that typical ferrules 811, 812, 821 have a significantly 
larger diameter than the actual wire.  For example, the type of ferrules that was employed in a 
number of bridges in the northeastern US, has a diameter of 11.3 mm. This is more than twice the 
diameter of a standard bridge wire of 5 mm. 
[0086]   In step 1115, it is determent whether  there is another section to inspect on the same or 
different structure. If so, control passes back to step 1103 to open the next section. Otherwise the 
process ends. 
[0087]   Thus a method to retrofit a structural cable includes opening a structural cable strand 
comprising a plurality of circular cross sectional wires; selecting an extant wire of the strand to be 
spliced; and splicing a replacement wire into a portion of the extant wire. The replacement wire has a 
non-circular cross section configured to have a corresponding surface contact area with an adjacent 
wire of the plurality of wires, and the corresponding contact area is substantively greater than a 
surface contact area of a circular wire having a diameter substantively identical to a largest inscribed 
circle for the corresponding non-circular cross section. 
6. Coiled hexagonal embodiments. 
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[0088]   A 61-wire sample was also built out of hexagonal wires to show that pre-fabricated strands 
can be built and coiled for deployment onto structures using them, such as bridges. The specimen 
was bent with a winch attached to both ends such that individual wires were allowed to slip.  
[0089]   FIG. 12A and FIG. 12B are photographs that illustrate example coiling of a bundle 1210 of 
wires 1212 with a non-circular cross section for a strand on a spool, according to an embodiment.  
In the illustrated embodiment, the sample bundle 1210 was built out of hexagonal wires 1212 to 
show that pre-fabricated strands can be built and coiled for deployment onto bridges. The specimen 
was bent with a winch attached to both ends and allowed to slip. FIG. 12A depicts the bundle 1210 
of hexagonal wires, which includes a series of bands 1214 9such as tape) to hold the bundle 1210 
together. The group 1210 has been bent into a portion of a coil by winch 1290 that applied torque to 
the ends of the bundle 1210 through straps 292. For scale, a meter stick 1298 is also depicted in 
FIG. 12A. FIG. 12A shows that the diameter of a coil of a bundle of hexagonal wires can be 
reduced to a meter without breakage occurring in the wires. There is slippage among wires in the 
bundle as evident at the ends, as can be seen in FIG. 12B, a photo of the end of the wire. In FIG. 
12B individual hexagonal wires 121 of bundle 1210 are shown along with winch 1290 and strap 
1292. The ends of the same length wires 1212 are no longer aligned, indicating slippage during 
bending into the partial coil.  Under tension of even just the self-weight of the cable, such as what 
would be present in an installed bridge, the recovery is expected to happen easily.  These 





7. Method to install structural cables with wire that has a non-circular cross section. 
[0090]   FIG. 13 is a flow chart that illustrates an example method 1300 for constructing a structure 
using multiple spools, each spool holding a coiled strand of wires with non-circular cross section, 
according to an embodiment. In step 1301 a supply of multiple spools is provided at the 
construction site, e.g., on one or more barges at a bridge site, where each barge is configured with 
multiple spindles for holding multiple such spools so that strands coiled on the spools can be 
uncoiled in parallel without removing the spools from the barge. In various embodiments, each 
spool has an inner diameter from about 1 meter to about 4 meters. The Prefabricated Parallel Wire 
Strand would be shipped on a spool, on the order of 12’ (4 m). These are generally extra-size loads.  
Each spool holds at least one strand of length sufficient to span a cable distance for the structure, 
e.g., a 3 km cable length for a cable to be strung from towers to support a roadway for bridge with a 
2 km roadway.  Historically, bridge cables were spun wire-by-wire. In the recent past, though, this 
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method has been largely abandoned. Today, the PPWS method is preferred by most builders since it 
allows for faster construction of the main cable than single wire spinning.  
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[0091]   In some embodiments, the compacted strands are almost identical those using round wires. 
For some hexagonal wire embodiments, only difference is that the edges are a bit sharper (due to the 
single hexagons) than with the round wires. The same winches, barges, etc. can be used as with the 
current system. Even today, contractors are able to tackle differently sized strands (61, 91, 127 wire, 
etc.), which is a wider range than the differences expected by using different shaped wires in each 
strand. Thus, in some embodiments, it is advantageous to make strands of non-circular wires that 
are compatible with existing construction systems. In some embodiments, strands of different 
shapes and dimensions are formed.  For example, for some strands made of non-circular and non-
hexagonal cross sectional geometries, it may be advantageous to have considerably different 
dimensions and cross-sectionally shaped strands; and, winches and guides may have to be modified 
to accept the considerably differently dimensioned and shaped strands. 
[0092]   In step 1303, a strand is uncoiled from two or more spools that contribute to an individual 
structural cable. In step 1305, strands from multiple spools for an individual structural cable are 
aligned.   
[0093]   In step 1307, the strands are compressed to form an individual structural cable. For 
example, strands are compacted by means of hydraulic jacks to form a cable with a round cable 
cross section. The cable’s packing efficiency will be much less dependent on jacking since the 
various embodiments will not have 20% void ratio before compaction. Except for some minor 
interstitial spaces between the strands (not wires), packing efficiency is almost 100% before the cable 
is compacted. Compaction is still required, but the volume change between the uncompacted and 
compacted sections will be much lower. For the illustrated hexagonal 5mm wires of some 
embodiments, the cable will be about 9% smaller since there will be essentially no remnant voids in 
the cable after all of the strands are arranged and compacted.  This difference should be apparent on 
a construction site, and would indicate the use of wires of non-circular dross section. 
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[0094]   In step 1311, a leading end of the individual structural cable is attached to the structure, e.g., 
at a terminal anchor called a cable anchorage. Each strand is potted using either Zinc (traditional) or 
proprietary socketing resin (current state of the art) which is then attached to the anchorage or 
tower/deck connection point of the bridge for suspension and cable-stayed bridges, respectively. 
Each strand is terminated in a steel socket with a conical bore.  Sockets are available in a large range 
of sizes suitable for most cables expected using any of the geometries depicted herein. In step 1313 
the structural cable is attached to the structure at one or more additional locations, such as at the 
tops of one or more suspension piers 120 or towers, or a second terminal anchor, or some 
combination. In step 1315, the structural cable is cut or otherwise terminated, including, in some 
embodiments, sealing the open faces of the ends of the strands or wires, or some combination. 
 [0095]   In step 1317, it is determined whether another cable is to be added to the structure to 
support a particular structural element, such as a roadway platform. If so, control passes back to 
repeat step 1303 and following steps for the new cable. If not, then in step 321, the structural 
element, such as a suspension bridge roadway platform, to be supported by the structural cable is 
attached to the structural cable, e.g., by one or more vertical cables 102. The process then ends or is 
repeated for another structural element or structure. 
8. Extensions, modifications and alternatives. 
[0096]    In the foregoing specification, the invention has been described with reference to specific 
embodiments thereof.  It will, however, be evident that various modifications and changes may be 
made thereto without departing from the broader spirit and scope of the invention.  The 
specification and drawings are, accordingly, to be regarded in an illustrative rather than a restrictive 
sense. Throughout this specification and the claims, unless the context requires otherwise, the word 
“comprise” and its variations, such as “comprises” and “comprising,” will be understood to imply 
the inclusion of a stated item, element or step or group of items, elements or steps but not the 
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exclusion of any other item, element or step or group of items. elements or steps.  Furthermore, the 
indefinite article “a” or “an” is meant to indicate one or more of the item, element or step modified 
by the article. As used herein, unless otherwise clear from the context, a value is “about” another 
value if it is within a factor of two (twice or half) of the other value.  While example ranges are 
given, unless otherwise clear from the context, any contained ranges are also intended in various 
embodiments. Thus, a range from 0 to 10 includes the range 1 to 4 in some embodiments. 
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What is claimed is: 
1. A strand for a structural cable comprising: 1 
a plurality of wires, wherein 2 
each wire has a non-circular cross section configured to have a corresponding surface 3 
contact area with an adjacent wire of the plurality of wires, and 4 
the  corresponding contact area is substantively greater than a surface contact area of a 5 
circular wire having a diameter substantively identical to a largest inscribed circle for the 6 
corresponding non-circular cross section; and 7 
a winding surrounding the plurality of wires configured to hold the wires in parallel within the 8 
strand, wherein the strand with the plurality of wires within has a hexagonal shape. 9 
2. A strand as recited in claim 1, wherein each wire of the plurality of wires has a same cross 1 
sectional shape. 2 
3. A strand as recited in claim 1, wherein each wire of the plurality of wires has a same cross 1 
sectional size. 2 
4. A strand as recited in claim 1, wherein at least one wire of the plurality of wires has a cross 1 
sectional size and shape substantively identical to a size and shape of a plurality of other wires of the 2 
plurality of wires. 3 
5. A strand as recited in claim 1, wherein each wire of the plurality of wires is a steel wire coated in 1 
zinc or zinc oxide. 2 
6. A strand as recited in claim 1, wherein each wire of the plurality of has a regular hexagon cross 1 
section. 2 
7. A strand as recited in claim 1, wherein each wire of the plurality of wires, which has a smallest 1 
cross sectional area, has a regular hexagon shape. 2 
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8. A strand as recited in claim 1, wherein each wire of the plurality of wires, which has a smallest 1 
cross sectional area, has a cross shape.2 
9. A strand as recited in claim 8, wherein each side of the cross shape has a same length. 1 
10. A strand as recited in claim 1, wherein each wire of the plurality of wires, which has a smallest 1 
cross sectional area, has a rectangular shape.2 
11. A strand as recited in claim 8, wherein each side of the rectangular shape has a same length. 1 
12. A strand as recited in claim 1, wherein the strand with the plurality of wires within has a regular 1 
hexagonal shape. 2 
13. A strand as recited in claim 1, wherein a diameter of a largest inscribed circle of a smallest wire 1 
of the plurality of wires is about five millimeters. 2 
14. A strand as recited in claim 1, wherein a void ratio of the strand is less than a void ratio of a 1 
strand made up of circular wires. 2 
15. A strand as recited in claim 1, wherein a void ratio of the strand is less than about 9 percent. 1 
16. A strand as recited in claim 1, wherein the non-circular cross section of each wire favors self-1 
ordering of the plurality of wires within the strand. 2 
17. A strand as recited in claim 1, wherein the non-circular cross section of each wire favors self-1 
packing of the plurality of wires within the strand. 2 
18. A strand as recited in claim 1, wherein the non-circular cross section of each wire has no acute 1 
angle. 2 
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19. A method comprising: 1 
opening a structural cable strand comprising a plurality of circular cross sectional wires; 2 
selecting a extant wire of the strand to be spliced; and 3 
splicing a replacement wire into a portion of the extant wire, wherein 4 
the replacement wire has a non-circular cross section configured to have a corresponding 5 
surface contact area with an adjacent wire of the plurality of wires, and 6 
the corresponding contact area is substantively greater than a surface contact area of a 7 
circular wire having a diameter substantively identical to a largest inscribed circle for the 8 
corresponding non-circular cross section. 9 
20. A strand for a structural cable comprising: 1 
a plurality of wires, wherein 2 
at least one wire of the plurality of wires has a circular cross section; 3 
at least one portion of one wire has a non-circular cross section configured to have a 4 
corresponding surface contact area with an adjacent wire that has the non-circular cross 5 
section, and 6 
the  corresponding contact area is substantively greater than a surface contact area of a 7 
circular wire having a diameter substantively identical to a largest inscribed circle for the 8 
corresponding non-circular cross section; and 9 
a winding surrounding the plurality of wires configured to hold the wires in parallel within the 10 
strand, wherein the strand with the plurality of wires within has a hexagonal shape. 11 
21. A strand for a structural cable as recited in one of claim 1 or claim 20, further comprising a spool 1 
of inner diameter in a range from about 1 meter to about 2 meters, wherein the strand is coiled on 2 
the spool. 3 
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22. A strand for a structural cable as recited in one of claim 1 or claim 20, wherein the strand is at 1 
least 1000 meters long.2 
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APPENDIX G. EXPERIMENTAL METHOD: DESIGNING AND 
VALIDATING PARALLEL WIRE SUSPENSION BRIDGE WIRE 
STRANDS FOR NEUTRON DIFFRACTION STRESS MAPPING 
Abstract  
Suspension-bridge cables are constructed from strands of galvanized steel wire. They are failure-
critical structural members, so a fundamental understanding of their mechanics is imminently 
important in quantifying suspension bridge safety. The load-carrying capabilities of such strands 
after local wire failures have been the subject of many theoretical studies utilizing analytical 
equations and finite-element analysis. Little experimental data, however, exists to validate these 
models. Over the past five years we have developed a methodology for measuring stress/strain 
transfer within parallel wire strands of suspension bridge cables using neutron diffraction [1,2]. In 
this paper we describe the design and verification of parallel cable strands used in our studies. We 
describe the neutron diffraction strain measurements performed on standard 7-wire and expanded 
19-wire models in various configurations at both the Los Alamos National Laboratory Spectrometer 
for Materials Research at Temperature and Stress (LANL SMARTS) and at the Oak Ridge National 
Laboratory VULCAN Engineering Materials Diffractometer (ORNL VULCAN). Particular 
attention is placed on the challenges of aligning and measuring multibody systems with high strain 
gradients at body-to-body contact points. 
Introduction 
Suspension bridges have been a popular structural form for over a century. Although a very efficient 
structural system, the safety of a suspension bridge depends entirely on the health of the main 
cables. The failure of a main cable invariably leads to the collapse of the entire bridge deck. It is 
therefore of pivotal importance to safeguard the health of the main cables, especially considering the 
long lifetimes of civil engineering structures. The mechanics of bridge cables have yet to be fully 
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understood. Here, we present an experimental approach using neutron diffraction to quantify the 
internal mechanics of the suspension bridge cables, especially with regard to wire breaks and 
clamping forces.  
Suspension bridge main cables are constructed of Class A weight zinc galvanized high strength 5 
mm diameter (6 gauge) steel wires with a minimum yield strength of 1.4 GPa, and an ultimate 
strength of 1.7 GPa [3]. As a consequence of manufacturing, the wire exhibits a radius of curvature 
of approximately 1.5-1.8 m and is highly {110} textured in the direction of extrusion (Figure G-1). 
The wires are arranged in tightly packed hexagonally-shaped strands of 61, 91, or 127 individual 
wires (Figure G-2). The hexagonal strands are in turn arranged regularly and partial strands added to 
the periphery to form a quasi-circular cross section. The system is then mechanically compacted by 
means of hydraulic jacks and the cross section is wrapped with a thinner (8 or 9 gauge) wrapping 
wire. The cable is painted or encased in a neoprene sheath to protect the wires against the elements. 
Regularly spaced cable bands are attached to the main cable and serve as the saddles or attachment 
points for the vertical suspenders. The suspenders connect the main cable with the bridge deck and 
consequently transfer the load of the deck to the main cable. 
 
Figure G-1: Diffraction spectra of the steel bridge wire measured at SMARTS with dominant peaks labeled. (a) In the 
direction of extrusion, the wire is highly textured in {110} while (b) the cross section shows contributions of {110}, 
{200}, {211}, {220}, {310}, {222} and {321} planes. 
 





Figure G-2: Schematic view of cross section of the main cable of the Manhattan Bridge in New York City. The inner 
strands are closely packed hexagonal structures containing each 127 individual 5 mm wires. The shapes of the outer 
bundles are adjusted to provide a c 
Neutron diffraction is a powerful tool to quantify strains in bridge cable strands as it naturally allows 
non-contact elastic strain measurements to be made in the bulk of metals. In recent years, we have 
experimentally measured strain redistribution in parallel wire strands, especially after fracture events 
[1,2]. Results from these experiments are used in both deterministic and stochastic numerical models 
to quantify the residual strength (i.e. the safety factor) of aging bridge cables [4]. The actual cable – 
9000 to 28,000 individual wires – cannot be tested, so reduced models must be designed. These 
designs must be suitable for neutron stress/strain scanning while maintaining fidelity to the full scale 
structural system. In this paper we detail the design and verification of parallel cable strand setups 
designed to represent the mechanical conditions of an actual bridge cable. Using neutron diffraction, 
we measure strain on standard 7-wire and expanded 19-wire bridge cable models at the LANL 
SMARTS and ORNL VULCAN engineering materials diffractometers. The wire strands demand 
precise beam volume alignment to ensure the best possible confidence in the measured neutron 
strains. We discuss in detail practical solutions to address these challenges while maintaining a frugal 
use of the available neutron beam budget. 
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Seven-Wire Sample. The 7-wire strand’s simplicity is its strength. The boundary conditions of the 
single interior wire can be carefully controlled and the transfer of strain from a fractured center wire 
is quantified with neutron diffraction. These test strands are constructed using 5 mm diameter, 
ASTM A586 steel wire (Figure G-3a). The outer (six) wires of the strands are centered at the vertices 
of a regular hexagon. The seventh wire is located at the center. Each wire is identified by a two letter 
mnemonic (except the center wire), where the first letter denotes the row (top, center or bottom) 
within the strand and the second its relative position (near or far) to the incident neutron beam: TN, 




Figure G-3: (a) Cross-section of a 7-wire strand. During testing tensile load is applied along the y axis, coincident with 
the strand axis. The incident neutron beam hits the sample in the x-y plane. (b) 7-wire test specimen (760 mm long) 







To avoid large-scale twisting of the sample, commercially pre-straightened wires are used in strand 
construction (Figure G-3b). This is a significant modification of previous designs and a departure 
from the actual full-scale structure as well as previous specimen, where the wire used retains a radius 
of curvature of 1.5-1.8 m from the original production process (Figure G-3c). The use of 
straightened stock allows much more even load sharing among the wires of the strand. This 
modification also reduces the amount of uncontrolled twist in the strand, decoupling the 
contributions to the development length of pure friction, mechanical interference, macro twist, and 
Poisson effect (i.e. thinning of the wire cross section due to increase axial strain). We confirmed that 
the texture of the curved and straightened wires is comparable by performing texture measurements 
on HIPPO (High-Pressure Preferred Orientation Diffractometer) at LANL (Figure G-4). Bulk 
properties of the wire – Young’s modulus, yield and ultimate strength – also remain unchanged, as 
confirmed by tension testing. 
Various 7-wire samples are built to take advantage of the sample capacities of the SMARTS and 
VULCAN beamlines (760 mm and 950 mm, respectively). The center wire is cut near one of the 
sockets to simulate a wire break and measure the strain in the strand in various mechanical 
configurations (up-down clamping, radial confinement, pure twist, etc.). The strand is captured at 
each end in the conical cavity of a modified 2½” nominal diameter Curtis Universal Joint (Model 
CJ653), Figure G-5a [5]. Much like real bridge cable strands, the wires of the model strand are 
anchored in the customized sockets with commercially available ESCO SocketFast epoxy resin. The 
socket assemblies are designed to provide uniform loading of all wires up to a maximum tension of 
55 kN and a simultaneous torque of 100 Nm. 
450 
  
Figure G-4: Texture map of cross sections of ASTM A586 steel wires (left) in as-manufactured curved state and (right) 
after straightening. The texture distribution does not change due to the wire straightening process. 
 
     
Figure G-5: (a) Drawing of 7-wire socket with a truncated conical bore and cloverleaf cutout to allow torsion transfer 
from the wire specimen to the socket assembly without damaging the epoxy matrix. (b) Large aluminum clamp showing 
the reduced contact area at the center. 
Clamp Design 
A variety of clamp designs have been tested in previous published work. Initially, we used a steel 
saddle clamp containing a split aluminum insert with a six-leaf clover cutout to confine and clamp 
the 7-wire strand [1,2]. These clamps are commercially available and can exert a strong confinement 
force of approximately 60 kN or more on the cross section. The main drawback of this clamp type 
is that it is bulky and made of steel, scattering and attenuating the incident neutron beam and 
creating a dead zone around the clamp where no neutron measurements can be made with 
acceptable counting statistics. In order to allow neutron measurements to be made near or ideally 
under the confined area, a novel clamp is designed and fabricated entirely of aluminum alloy (Figure 
(a) (b) 
451 
G-5b). Although the clamp is 38 mm thick, the area where the clamp makes contact with the wires is 
reduced in width to 25 mm to match all previous clamp models. The contact geometry where the 
wires are subjected to confinement is therefore essentially unchanged from previous clamps. The 
bolts and nuts are 5/8”-11, 3” long (diameter = 15.875 mm, length = 76.2 mm) aluminum alloy 
2024-T4 and the washers are manufactured from aluminum alloy 6061-T6. The bolts’ yield strength 
of 255 MPa is comparable to mild steel. The clamp is outfitted with strain gages at the extreme 
bending fibers (top and bottom faces). The gages are calibrated by applying a series of known 
compression forces onto the clamp using a universal testing machine and correlating the strain 
measurements; the result is a clamp load cell. 
Neutron Measurements 
The samples are loaded in tension in the SMARTS beamline as well as tension-torsion in the 
VULCAN beamline [6,7]. Both SMARTS and VULCAN follow the standard sample and detector 
geometries for a biaxial strain-measuring diffractometer; two radially collimated detector banks are 
oriented ±90° with respect to the incident neutron beam, subtending in the horizontal and vertical 
planes (Figure G-6). The sample, mounted in the horizontal load frame, is oriented at 45° to the 
incident neutron beam [8,9]. The probe volume is defined by the incident beam slits and diffracted-
beam radial collimators placed in front of each detector bank [10]. The dimensions of the incident 
beam cross-section are 2×2 mm2, and the radial collimators in front of both detector banks have 2 
mm acceptance lengths. 
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Figure G-6: 7-wire sample mounted in the load frame of the SMARTS diffractometer. The incident neutron beam slit 
can be seen in the center of the image, the sample oriented at 45º to the incident beam, flanked on each side by radial 
collimators. A mechanical dial gauge serves as a simple alignment aid, measuring vertical displacement of the center of 
the strand due to change in tensile load or clamping force. 
The spallation neutron scattering patterns for both detector banks are recorded and resolved into 
lattice parameters of the BCC ferrite phase of the ASTM A586 steel via Rietveld refinement using 
the Los Alamos GSAS program [11-17]. 
Alignment of Seven-Wire Strand 
Initial experiments are performed at SMARTS in tension only (no torque), so alignment is relatively 
straightforward. The wire centers of the 7-wire strand are pin-pointed by first locating the strand in 
the experiment coordinate system using the calibrated theodolite and then performing integrated 
intensity position scans in x and z while reading the transmitting detector bank since its neutron 
attenuation is constant for all gauge volume positions. A dial gauge is placed at the center of the 
strand to ensure that the strand does not translate vertically during loading (Figure G-6). For axial-
only trials, the wire sample remains quite stationary, as shown by a superposition of all x-axis 
position scan in a SMARTS test series (Figure G-7). 
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Figure G-7: Intensity vs. position scans for a 7-wire sample at SMARTS taken before each loading cycle. The profile is 
stable over all loads. To obtain this data the sample was translated through the probe-volume in steps of 1 mm. The 
maxima in the intensity position correspond to the center of the wires. The three vertical lines denote the measurement 
positions for the N, C, and F wires. Since the beam is 2 mm wide, zero intensity is achieved around 9 mm. Gaussian 
peak fitting yields a FWHM peak width of 5 mm, which agrees with the actual wire dimension. 
Follow-up measurements are performed at VULCAN, where positioning is performed in a different 
fashion. VULCAN is equipped with calibrated cameras that allow targeting in x, y, and z. However, 
when the load frame is mounted in the cave, it blocks the camera that resolves x position. Sample 
alignment becomes significantly more complex once torsion is introduced since twist effects very 
large target displacements. On untwisted, parallel samples, alignment scans require 30% of the 
available beam time. Once the sample is torqued, target acquisition becomes far more tedious. The 
VULCAN load frame is equipped with two axial-torsion actuators, one at each crosshead. This 
allows the sample to be torqued in an anti-symmetric fashion, where each actuator rotates at half of 
the twist angle commanded by the user. A neutral axis of rotation is therefore established at the 
center of the sample, assuming constant torsional compliance of the sample. This assumption was 
verified during the experiment. As process efficiency is always of the essence in neutron diffraction, 
strain scans were performed on the outer wires at only the rotational neutral axis of the sample. 
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With the current alignment instruments, strain scans of complex deformed geometries cannot be 
performed with acceptable confidence without sacrificing considerable beam time for alignment. 
Nineteen-Wire Sample 
The mechanics of strain transfer of single fractures can be studied quite effectively using 7-wire 
models. However, the distribution of clamping forces throughout the cross section of a bridge 
strand requires the strand to be up-scaled by one layer to 19 wires (Figure G-8). This increase in 
cross-section increases the neutron flight path to 35 mm, too long for acceptable counting statistics 
in steel with a gauge volume of 2×2×2 mm3 (required to accurately target individual wires in the 
strand). Aluminum (Al) is chosen for its lower neutron attenuation cross section and Young’s 
modulus. The latter lends the 19-wire strand a similar load-to-strain ratio as its 7-wire steel 
counterpart, allowing us to achieve good strain magnitudes without exceeding the load capacity of 
the VULCAN load frame. A set of modified 4” nominal diameter Curtis universal joints (Model 
CJ655) are used to anchor the strand at each end. A larger aluminum clamp is also produced to 
confine the new cross section (Figure G-8). 
 
Figure G-8: Schematic of the standard 19-wire strand in both 0° (top) and +90° (bottom) orientations; load is applied 




Gauge Volume Quantification and Alignment of Nineteen-Wire Strand 
Proper beam volume measurement and alignment proves critical when attempting to capture the 
mechanics of a multi-body system. As the Al wires are undersized (4.85 mm vs. 5.00 mm) we 
confirm the dimensions of the actual irradiated volume in the cable cross section by performing a 
series of pin scans and to deconvolute the beam dimensions. A gauge volume cross section of 
2.87×2.70 mm2 (x,z) results, where the vertical discrepancy from the 2 mm slit setting is due to 
beam divergence while the horizontal discrepancy is largely due to the geometric effect of the 
sample orientation 45º to the incident beam with respect to the z-axis. This relatively large beam 
must therefore be accurately aimed at each wire to guarantee high-confidence strain measurement 
results; the allowable position error is only 0.5 mm. Therefore, after every major specimen 
configuration change – addition or removal of clamp, change in clamp tightness, change in tension, 
etc. – we perform x-axis position scans at both sample orientations 0° and +90° to ensure that the 
beam volume is centered on the target wires. The primary and also optimal orientation for sample-
beam alignment is the 0° orientation. In this orientation the x-axis scan can be oriented in z such 
that it traverses the centerline of a layer of wires (Figure G-8, top). This is opportune in achieving a 
balanced, well-resolved integrated intensity scan. Even though the wire appears tightly packed, we 
cannot risk assuming that the wires inside the system are arranged ideally. Therefore, all five wire 
layers are scanned along the x-axis and the integrated intensity peaks fitted assuming Gaussian peak 
shape. In order to measure three orthogonal strains, the sample is rotated by 90º along the y-axis 
(Figure G-8, bottom). This double measurement results in two orthogonal transverse strains (εxx, εzz) 
and two redundant longitudinal strains (εyy). In the +90º configuration, five scans are performed 
along the faces of wires 3.12, 3.11, 3.10, 3.9, and 3.8. Each scan results in alternating major and 
minor intensity peaks; for example, the gauge volume passes through wire 3.11, grazes both wires 
3.12 and 2.6, passes through wire 2.1, and so on.  
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To ease the alignment process and provide a sample-specific datum, a wire with a different 
dominant texture is inserted at the center position. The stock used for all but the center wire is 
strongly textured in the {200} orientation in the extrusion direction while the center wire exhibits 
dominant {311} texture (Figure G-9). However, both batches adhere to ASTM B221 and exhibit the 
same bulk mechanical properties, as confirmed by tension testing. The center wire here serves a 
reliable, nonintrusive centroid marker. The strand is aligned successfully using this procedure and 
lattice strains measured for the entire cross section. 
  
Figure G-9: Integrated intensity scan along x axis at the z position coincident with the vertical center-point of the strand. 
The integrated intensity of the {200} plane orientation shows all but the center wire while the profile of the {311} plane 
indicates the location of the centroid marker wire. 
Nineteen-Wire Results 
In this experiment, we have successfully modeled a bridge cable using 19 wires, simulating the actual 
mechanical boundary conditions, loading state, and mechanical interaction between the wires. We 
have successfully quantified the strain and resultant stress states of all wires in a strand cross section 
under a clamp simulating a cable band. Details thereof are yet to be fully resolved. The 19-wire 
strand presents significant neutron beam budget challenges to the researchers. Over 40% of beam 
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time was invested in the alignment of the sample in an axial-only loading scheme per 7-hour 
measurement run. Introducing torsion would make alignment extremely expensive; new 
technologies must be developed to enable us to gain efficiencies in alignment. 
Conclusions and Discussion 
Both 7-wire and 19-wire strands have been fabricated to model the mechanical conditions within a 
bridge cable. Development length and confinement force distribution have been measured 
experimentally in parallel wire strands at both LANL SMARTS and ORNL VULCAN. The success 
of these measurements hinges on the precise alignment of the neutron beam’s gauge volume. As the 
field of neutron diffraction strain measurement of engineering systems matures, we will be faced 
with increasingly more complex systems. In the case of this research effort, 7-wire and 19-wire 
samples have exhausted their utility, requiring us to up-scale to 61-wire strands. This new level of 
sample complexity will require the implementation of more powerful and truly integrated alignment 
systems at engineering materials diffractometers. Most importantly, these systems must resolve 
sample displacement and deformation. Considerable efficiencies could be realized by introducing 1D 
or 2D laser position sensors that measure the sample’s envelope near the irradiated volume. In the 
end, engineering diffractometers can only unleash their full potential if the appropriate infrastructure 
is implemented to perform the majority of sample alignment without neutrons; laser scanning, 
videogrammetry, and digital image correlation will likely provide solutions. 
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